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ABSTRACT
Context. We present a study of cyanoacetylene (HC3N) and cyanodiacetylene (HC5N) in Orion KL, through observations from two
lines surveys performed with the IRAM 30-m telescope and the HIFI instrument on board the Herschel telescope. The frequency
ranges covered are 80-280 GHz and 480-1906 GHz.
Aims. This study (divided by families of molecules) is part of a global analysis of the physical conditions of Orion KL, as well as
molecular abundances in the different components of this cloud.
Methods. We modeled the observed lines of HC3N, HC5N, their isotopologues (including DC3N), and vibrational modes, using a
non-LTE radiative transfer code. In addition, to investigate the chemical origin of HC3N and DC3N in Orion KL, we have used a
time-dependent chemical model.
Results. We detect 40 lines of the ground vibrational state of HC3N and 68 lines of its 13C isotopologues. We also detect 297 lines
of six vibrational modes of this molecule (ν7, 2ν7, 3ν7, ν6, ν5, and ν6+ν7) and 35 rotational lines of the ground vibrational state of
HC5N. We report the first tentative detection of DC3N in a giant molecular cloud. We have obtained a DC3N/HC3N abundance ratio of
0.015±0.009, comparable to typical D/H ratios of cold dark clouds. We provide column densities for all species and derived isotopic
and molecular abundances. We have also performed a 2′×2′ map around Orion IRc2 and we present maps of HC3N lines with energies
from 34 to 154 K and maps of lines of the HC3N vibrational modes ν6 and ν7 with energies between 354 and 872 K. In addition, a
comparison of our results for HC3N with those in other clouds has allowed us to derive correlations between the column density, the
FWHM, the mass, and the luminosity of the clouds.
Conclusions. The high column densities of HC3N, in particular of the ground vibrational state and the vibrational mode ν7, obtained
in the hot core, make this molecule an excellent tracer of hot and dense gas. In addition, the large frequency range covered reveals the
need to consider a temperature and density gradient in the hot core in order to obtain better line fits. The high D/H ratio (comparable
to that obtained in cold clouds) that we derive suggests a deuterium enrichment. Our chemical models indicate that the possible
deuterated HC3N present in Orion KL is formed during the gas-phase. This fact provides new hints concerning the processes leading
to deuteration.
Key words. survey-stars: formation - ISM: abundances - ISM: clouds - ISM: molecules - Radio lines: ISM
1. Introduction
The Orion region is one of the best places to study the forma-
tion of high-mass stars due to its proximity ('414 pc, Menten et
al. 2007) and the presence of compact radio sources, molecular
outflows (Wright et al. 1996), a molecular hot core, and an IR
luminosity of ∼105L in the central part of the region, indicat-
ing the presence of embedded massive protostars (Nissen et al.
2007). The Becklin-Neugebauer (BN) object was the first source
of infrared radiation discovered in the Orion nebula (Becklin &
Neugebauer et al. 1967). The luminosity of the BN object is
? Based on observations carried out with the IRAM 30m telescope
and with the Herschel telescope (HIFI instrument). IRAM is supported
by INSU/CNRS (France), MPG (Germany), and IGN (Spain). Herschel
is an ESA space observatory with science instruments provided by
European-led Principal Investigator consortia and with important par-
ticipation from NASA.
L'1500L and it lies about 12′′ north of the Kleinmann-Low
(KL) nebula. Menten & Reid (1995) detected the radio contin-
uum emission of IR source n and the very embedded radio source
I (located a few arcseconds to the south of the young and mas-
sive star IRc2), which could be a binary system with a total mass
of ∼20M, according to measurements of the proper motions
of this source and the object BN (Goddi et al. 2011). Source
I has been proposed as a possible driver of the two outflows
observed in Orion KL: a high-velocity (30-100 km s−1), wide-
angle (∼1 rad) outflow that extends northwest-southeast over
0.3 pc, and a low-velocity (∼18 km s−1) elongated northeast-
southwest (Genzel & Stutzki 1989, Greenhill et al. 1998, Zapata
et al. 2009).
Orion BN/KL contains a large amount of dense gas, evi-
denced by the presence of H2O, OH, and SiO masers. In fact,
source I coincides with the centroid of the SiO maser distribu-
tion (Plambeck et al. 2009). These high densities and the large
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dust extinction (AV∼1000) obscure the innermost regions in the
near and mid-IR. Therefore, to study the innermost regions of
the hot core, it is necessary to observe at radio wavelengths ro-
tational transitions excited by collisions in these high density
zones. Moreover, the observation of highly vibrationally excited
states can provide information on the infrared radiation field in
the same regions.
Orion KL also constitutes an excellent astrochemical labo-
ratory due to its rich and complex chemistry. Many molecules
(tracers of shocks, cold gas, hot and dense gas, etc.) have been
observed in this cloud, in particular, organic molecules asso-
ciated mainly with the hot core (richer in N-bearing organics)
and the compact ridge (richer in O-bearing organics) compo-
nent (Wang et al. 2009). One very abundant molecule in the hot
core of Orion KL is HC3N. Interstellar cyanoacetylene, HC3N,
was discovered by Turner (1971), who detected emission in the
J=1-0 line toward Sgr B2. This molecule is an excellent tracer
of hot and dense regions affected by high extinction; its vibra-
tional levels are mainly excited by mid-IR radiation (de Vicente
et al. 2000) and the relatively low energy of its bending modes
makes them easy to detect in many vibrationally excited states.
Another advantage of studying HC3N is that, although it is abun-
dant in warm clouds, the radio lines are usually optically thin
(Morris et al. 1976). In addition, these small optical depths al-
low an accurate determination of the 12C/13C abundance ratio
from the observation of the 13C isotopologues. The deuterated
counterpart of cyanoacetylene (DC3N) was detected for the first
time in the cold interstellar cloud Taurus Molecular Cloud 1
by Langer et al. (1980). Later it has been observed in L1498,
L1544, L1521B, L1400K, and L1400G by Howe et al. (1994),
in L1527 by Sakai et al. (2009) and in Cha-MMS1 by Cordiner
et al. (2012). However, DC3N has never been observed so far in
giant molecular clouds.
Most deuterated species are produced in molecular environ-
ments characterised by low temperatures (T≤20 K) (Millar et
al. 1989). Although these temperatures are typical of low-mass
pre-stellar cores, many deuterated molecules such as DCN (Jacq
et al. 1999), DNC (Tatematsu et al. 2010), CHD2OH (Parise et
al. 2002), or D2CO (Fuente et al. 2005) have been detected in
hot cores, where the gas kinetic temperature is >100 K. In the
case of Orion, some of the first detected deuterated molecules
were CH3OD (Mauersberger et al. 1988) and CH2DOH (Jacq
et al. 1993). The formation of deuterated molecules occurs
through exchange reactions (Howe & Millar et al. 1993) where
deuterated ions transfer the deuterium to neutral species in ion-
molecule reactions. These reactions normally dominate at low
temperatures, but there are some reactions such as
CH+3 + HD↔ CH2D+ + H2 + 370K (1)
which are energetically favorable at high temperatures that can
lead to a variety of deuterated molecules in regions with temper-
atures up to 100 K (Howe & Millar et al. 1993).
In this paper we focus on the IRAM line survey, first pre-
sented by Tercero et al. (2010), and on Herschel/HIFI observa-
tions (from the HEXOS program, Bergin et al. 2010, Crockett et
al. 2010), covering the frequency ranges 80-280 and 480-1910
GHz, respectively. Observations are described in Sect. 2. We
study the molecules HC3N, its isotopologues, and HC5N, and
report the first detection of DC3N in Orion KL. Here we present
(Sect. 3) more than 400 lines from HC3N for the ground state,
different vibrational states (ν5, ν6, ν7, 2ν7, 3ν7, and ν6+ν7), and
isotopologues, and 35 lines of HC5N. We also present (Sect. 3.2)
maps over a region 2′×2′ around Orion IRc2 of two transitions
Table 1. IRAM 30m telescope efficiency data along the covered
frequency range.
Frequency ηMB HPBW
(GHz) (′′)
86 0.82 29.0
100 0.79 22.0
145 0.74 17.0
170 0.70 14.5
210 0.62 12.0
235 0.57 10.5
260 0.52 9.5
279 0.48 9.0
of HC3N, two of HC3N ν7, and one of HC3N ν6.Unlike previ-
ous works, we use a non-LTE radiative transfer code (LVG) to
derive physical and chemical parameters, such as column den-
sities or abundances (Sect. 4). In addition, we compare some of
our results for HC3N with results obtained by other authors in a
sample of 22 molecular cloud cores (Sect. 5). We study possi-
ble correlations between the line widths, the mass of the cloud
cores, the infrared luminosity, the galactocentric distance, and
the column density of HC3N. In Sects. 6 we present chemical
models of the hot core of Orion KL in order to study the origin
of HC3N and DC3N, and we discuss the results. Finally, in Sect.
7 we summarize our conclusions.
2. Observations
2.1. IRAM 30m
The observations were carried out using the IRAM 30m ra-
diotelescope during September 2004 and March 2005 Four SiS
receivers operating at 1.3, 2 and 3 mm were used simultaneously
with image sideband rejections. The intensity scale was cali-
brated using two absorbers at different temperatures and using
the Atmospheric Transmission Model (ATM, Cernicharo 1985;
Pardo et al. 2001). Observations were made in the balanced
wobbler-switching mode, with a wobbling frequency of 0.5 Hz
and a beam throw in azimuth of ±240′′. As backends we used
two filter banks with 512x1 MHz channels and a correlator pro-
viding two 512 MHz bandwidths and 1.25 MHz resolution (see
Esplugues et al. 2013 for more details). We pointed the telescope
towards the IRc2 source at αJ2000=5h 35m 14.5s, δJ2000=-5◦ 22′
30.0′′.
To analyze the survey we considered only the lines with an-
tenna temperatures higher than 0.02 K (i.e. >3σ). The data were
processed using the IRAM GILDAS software1 (developed by
the Institut de Radioastronomie Millime´trique). We present the
spectra in units of main beam temperature TMB, which is defined
as
TMB =
(
T?A/ηMB
)
, (2)
where ηMB is the main beam efficiency and T?A the antenna tem-
perature. Table 1 shows the half power beam width (HPBW) and
the mean beam efficiencies over the covered frequency range.
We also used the 30m telescope to map a region around
Orion IRc2 at 1.3 mm. We covered the whole frequency range
(216-250 GHz) using the HERA heterodyne receiver, and the
ranges 200-216 GHz and 250-285 GHz using EMIR E230 and
E330 receivers, over a region of 2′×2′ with a 4′′ spacing. The
1 http://www.iram.fr/IRAMFR/GILDAS
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Table 2. HIFI efficiency data along the covered frequency range.
Bands Frequency range ηMB HPBW
(GHz) (′′)
1 488.1-628.1 0.685 39
2 642.3-792.9 0.681 30
3 807.1-952.9 0.677 25
4 967.1-1112.8 0.670 21
5 1116.2-1241.8 0.662 19
6 1429.2-1699.8 0.645 13
7 1699.2-1902.8 0.632 13
survey was performed in on-the-fly mode using position switch-
ing with a emission-free reference position at an offset (-600′′,0)
from IRc2. As backends we used WILMA with 2 MHz spec-
tral resolution.The maps presented in Sect 3.2 were observed us-
ing HERA (tuned at frequencies of 227.9 and 236.9 GHz), and
the E090 receivers (at 109.983 GHz). Observations at 1.3 mm
were performed in December 2008, with opacities ∼ 0.1 at 1.3
mm and 1-1.5 mm of precipitable water vapor. The 3 mm data
was observed in February 2010, under poorer weather conditions
(opacities of 0.3-0.4 and 5 mm of pwv). Pointing was checked
every 1-1.5 hrs on nearby and strong quasars, with errors better
than 4-5′′. Data reduction was also performed using the IRAM
GILDAS software.
2.2. Herschel/HIFI
The HIFI line survey was observed as part of the HEXOS
Guaranteed Time Key Program. The HIFI instrument (de
Graauw et al. 2010), on board Herschel, observed a bandwidth
of approximately 1.2 THz in the frequency range 488-1902 GHz,
with gaps between 1280-1430 GHz and 1540-1570 GHz. Most
of observations were carried out between March 2010 and March
2011. The spectral resolution is 1.1 MHz corresponding to 0.2-
0.7 km s−1. HIFI is a double sideband system where, in the con-
version to frequencies detectable by the spectrometers, spectral
features in the opposite sideband appear superposed at a single
frequency. As a part of the spectral scan observation, different
settings of the local oscillator (LO) are observed and the double
sideband is deconvolved to isolate the observed sideband. It was
applied the standard HIFI deconvolution using the doDeconvolu-
tion task within HIPE (see Bergin et al. (2010) and Crockett et al.
(2010) for more details). The spectral scans for each band were
taken in dual beam switch (DBS) mode, using the wide band
spectrometer (WBS). For bands 1-5, the telescope was pointed
toward coordinates αJ2000=5h 35m 14.3s, δJ2000=-5◦ 22′ 33.7′′,
midway between the Orion hot core and the compact ridge. For
bands 6-7, where the beam size is smaller (see Table 2), the tele-
scope was pointed directly toward the hot core at coordinates
αJ2000=5h 35m 14.5s, δJ2000=-5◦ 22′ 30.9′′. We assume the nom-
inal absolute poiting error (APE) for Herschel of 2.0′′ (Pilbratt
et al. 2010). The data were reduced using the standard HIPE (Ott
2010) pipeline version 5.0. We also present the spectra in units
of main beam temperature TMB.
3. Results
3.1. Lines profiles
Cyanoacetylene is a linear molecule and therefore its rota-
tional spectrum is very simple. Owing to its large moment of in-
ertia, it has a small rotational constant B and its rotational transi-
tions J→J-1 are relatively close in frequency. Like other species
containing 14N, cyanoacetylene has a hyperfine structure due to
the interaction of the nitrogen nuclear spin with the rotation of
the molecule.
3.1.1. HC3N
Figures 1 and 2 show the lines of HC3N (together with our
best fit LVG model, see Sect. 4) observed with the IRAM and
the Herschel-HIFI survey, respectively. The 18 observed pure
rotational lines between 3-1.3 mm belong to transitions between
J=9-8 and J=30-29 with a range of energy of Eup=19-230 K
(see Table A.1). All these lines are strong, with 8<TMB<31 K,
and are barely blended with other species. The observed lines
with HIFI are much weaker than those obtained with IRAM-
30m, TMB<1.5 K, due to their high energies Eup=624-1826 K.
Assuming that the line emission is optically thin and the level
populations are thermalized (Goldsmith & Langer et al. 1999),
we fitted the observed lines with Gaussian profiles using the
CLASS software to derive the contribution of each cloud spec-
tral component (see Table A.2 in Appendix). We treated the ra-
dial velocity (VLSR), the line-width and the antenna temperature
as free parameters in the fits. We took into account the typical
velocity ranges of each component of Orion KL to consider the
best fit and to avoid possible degeneracy. The contribution to
the intensity arises from different velocity components: a wide
component present in all lines, a very narrow component cen-
tered at '10 km s−1 which affects mainly the lowest transitions,
and another component wider ('10 km s−1) than the previous
which affects mainly the transitions with J>20 and that is cen-
tered at about 5 km s−1. For the HIFI case, the contribution to
the emission from a wide (∼25 km s−1) component dominates
the observed line profiles.
We have also detected rotational lines from six vibrational
states of HC3N: ν7, 2ν7, 3ν7, ν6, ν6+ν7, and ν5. The modes ν5,
ν6, and ν7 are doubly degenerate in order of decreasing energy
(954, 718, and 320 K, respectively). With rotation, their degen-
eracy is broken, which is known as l-doubling. The modes ν1, ν2,
and ν3 have energies higher than 2000 K and they have not been
detected in this study, nor has the ν4 mode. We observed 36 rota-
tional transitions of HC3N ν7 in our IRAM line survey between
J=9-8 and J=30-29 (see Fig. 3 and Sect. 4 for the best fit LTE
model). In the HIFI data, 30 lines from J=53-52 to J=77-76 are
detected in the range of the survey (see Fig. A.1). From line pro-
files at mm frequencies, we see that the line intensity increases
with the rotational quantum number J, whereas in the HIFI lines
the opposite occurs (see Table A.1 where spectroscopic param-
eters for HC3N and its vibrational modes2 are shown). The in-
tensity of each line depends (among other paremeters) on the
energy of the level and mainly on the frequency, but the covered
frequency range for a given transition range is much larger in
the case of HIFI than in IRAM-30m. This behaviour produces
different trends in the lines observed with both telescopes. On
the other hand, it is evident that a wide component, as well as
2 Spectroscopic parameters for HC3N (dipole moment µ=3.73 D)
have been obtained from DeLeon et al. (1985), de Zafra (1971), Mbosei
(2000), Creswell et al. (1977), Chen et al. (1991), Yamada (1995),
and Thorwirth et al. (2000). For 13C isotopologues they have been ob-
tained from Creswell et al. (1977), Mallinson & de Zafra (1978), and
Thorwirth et al. (2001). For the vibratonal mode ν7 and its 13C isotopo-
logues, they were obtained from Thorwirth et al. (2000) and Thorwirth
et al. (2001), while the spectroscopic parameters for the rest of the
vibrational modes were obtained from Yamada & Creswell (1986),
Thorwirth et al. (2000), and Mbosei (2000).
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Fig. 1. Observed pure rotational lines of HC3N (black histogram) in the IRAM line survey. Best fit LVG model results are shown in
red.
a narrow compontent centered at '5 km s−1, play an important
role in the contribution to the emission of all these lines.
With respect to the mode 2ν7 of HC3N, there are 46 detected
lines in the range covered by the IRAM survey. These transitions
cover the range J=9-8 to J=30-29 and are shown in Fig. A.2
(see Appendix and Sect. 4 for the best fit LTE model). Within
the Herschel line survey, there are 19 detected lines (see Fig.
A.3) covering the frequency range of 484-660 GHz (higher tran-
sitions are too weak and/or blended by stronger emission from
other species). From all line profiles and the range of energy
(Eup=665-1800 K), we deduce that the main contribution must
arise from a narrow and hot component.
27 transitions of HC3N 3ν7 are in the frequency range of the
survey at 3, 2 and 1.3 mm (Table A.1). Figure A.4 shows some of
these lines. In this vibrational mode there are four l-transitions,
although our spectral resolution can not always can resolve all
of them. The lines observed with Herschel are very weak and
mostly hidden by stronger species, therefore we do not consider
detection of this vibrational mode of HC3N with the Herschel
telescope.
We have detected 15 transitions of HC3N ν6 in the IRAM
line survey and 13 in the HIFI survey. Lines at 3 mm are weak,
with TMB∼0.3 K, while lines at 2 and 1.3 mm present intensities
between 0.5 and 2.5 K (see Fig. A.6 in Appendix). Similar to
the two previous cases, lines from the Herschel survey are weak
and/or blended with stronger species (see Fig. A.8). We also de-
tect 42 transitions of ν6+ν7 (Fig. A.9), dominated by contribu-
tions coming from narrow components. We do not detect lines
from these vibrational modes with HIFI, due to the high ener-
gies of the levels (up to 1500 K) and to the presence of stronger
lines.
We detect in total 22 lines of HC3N ν5 (see Table A.1, and a
selection of these lines in Fig. A.5). The rest of them are hidden
by species with higher intensity and we do not consider them in
this work. Given the high energies (>970 K) of these transitions,
we deduce that the emission should arise from a very hot com-
ponent. In addition, from the line profiles this component must
be narrow (≤10-11 km s−1).
We have also observed several lines, both of the ground and
the vibrational state ν7, arising from the 13C isotopic substitu-
tions of HC3N. In Table A.1 (see Appendix) we list all detected
transitions for the 13C isotopologues of the ground state and
their energies. Within the IRAM survey, we detected 13 lines
of H13CCCN (Fig. A.10), 18 lines of HC13CCN (Fig. A.11), and
16 lines of HCC13CN (Fig. A.12). From the Herschel line sur-
vey, we detected 21 lines from isotopologues in total. From their
line profiles, we infer a contribution from a very narrow com-
ponent which mainly affects the lowest frequencies, and a wide
4
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Fig. 2. Observed pure rotational lines of HC3N (black histogram spectra) with the HIFI survey. Best fit LVG model results are shown
in red.
component important for transitions with J>20. For the mode ν7
we detected, (only in the IRAM survey), 47 isotopic lines (see
Appendix, Figs. A.16, A.17, A.18, and Table A.1). The tempera-
tures of these lines are TMB<0.7 K and some of them are blended
with other species. We have not detected any transition arising
from the 15N isotopologue.
3.1.2. DC3N
There are 20 rotational transitions (listed in Table A.3 to-
gether with their spectroscopic parameters3, see Appendix) of
deuterated cyanoacetylene, that fall in the range of the IRAM
survey. Four of these lines are not overlapped with other species
and they are identified as DC3N (see Fig. 4). However, in this
figure we also observe that two of the four lines are very close
3 Spectroscopic parameters for DC3N (dipole moment µ=3.73 D)
have been obtained from Mallinson & de Zafra (1978), Tack &
Kukolich (1983), and DeLeon et al. (1985).
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Fig. 3. Observed pure rotational lines of HC3N ν7 (black histogram) in the IRAM survey. Best fit LTE model results are shown in
red.
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Table 3. Tentative lines of DC3N.
Species Transition Frequency VLSR Eup
(MHz) (km s−1) (K)
DC3N 11-10 92872.37 8.6 26.7
DC3N 12-11 101314.82 9.9 31.6
DC3N 16-15 135083.18 7.4 55.1
DC3N 24-23 202610.90 6.6 121.6
Fig. 4. Tentative detection of four lines of DC3N. The horizontal
green line indicates the 3σ threshold used for line identification.
to the detection limit, 3σ, (green horizontal line). In order to
increase the signal-to-noise and therefore be more confident of
the likely detection of DC3N, we have averaged the four spec-
tra (accounting for the width of the channels in each spectrum).
The result is shown in Fig. 5, where the red arrow indicates the
resulting line profile of the average of the four DC3N lines. This
profile presents a Gaussian shape (centered at 7.76 km s−1), is
not blended with other species, and its main beam temperature
is >0.07 K (>5σ). This suggests that there is a molecule which
has emission lines at the frequencies listed in Table A.3, pro-
ducing emission consistent with the expected velocity (5-10 km
s−1, corresponding to the typical velocity range of the Orion KL
components). We have also checked, using the MADEX catalog
(see Sect. 4), that no lines from other species are expected at the
frequencies of DC3N. Hence, altogether this suggests that the
molecule responsible for this emission is likely DC3N. The four
transitions, their frequencies, energies (whose range is Eup=26-
122 K), and their observed velocities VLSR are listed in Table 3.
For the ground state of DC3N, we show in Fig. 6 all the DC3N
lines within the IRAM survey, together with our best fit LVG
model (see Sect. 4). The line profiles of the four features, which
are not overlapped with other species, indicate that the contribu-
tion comes from narrow (<11 km s−1) velocity components (typ-
ical line width range of the compact ridge and the hot core). We
have not detected lines of vibrational states nor isotopologues of
DC3N. We have also not detected lines of this species in the fre-
quency range covered by Herschel due to their weakness and/or
the presence of stronger species.
Fig. 5. Average of the spectra shown in Fig. 4. The red arrow
indicates the resulting DC3N emission.
3.1.3. HC5N
Like HC3N, cyanodiacetylene (HC5N) is a linear molecule,
H-C≡C-C≡C-C≡N, with a large dipole moment. It was detected
for the first time in the interstellar medium by Avery et al. (1976)
in Sgr B2. Later it was also detected in several dark clouds and
in Orion KL by Bujarrabal et al. (1981) at wavelengths near 3
mm.
We have detected 35 rotational lines of HC5N in Orion KL
in the IRAM line survey. Figure 7 shows a sample of transitions,
together with our best fit LVG model lines (see Sect. 4). The
transitions of HC5N cover the range J=30 to J=103 and their
energies (listed in Table A.4, together with other spectroscopic
parameters4) range between Eup=63-685 K. All lines present a
small line width (.10 km s−1), especially lines at 3 mm, there-
fore the emission must arise from narrow components, such as
the ridge or the hot core. We have not detected lines in the HIFI
data because of the high energies, Eup>2100 K, involved in these
transitions. No lines arising from the 13C isotopologues of HC5N
have been detected.
3.2. 2′×2′ maps around IRc2
From the 2D survey data of Orion KL (Marcelino et al. in
preparation) taken with the IRAM-30m telescope, we present
maps of the integrated intensity of HC3N over different veloc-
ity ranges. Figure 8 shows the mapped transitions J=12-11 and
J=26-25, which correspond to energy levels Eup=34.1 and 153.3
K, respectively. In both transitions, the maximum integrated in-
tensity is found in the velocity range 3-7 km s−1 (typical veloci-
ties of the hot core). However, whereas at low energies the peak
is located around the IRc2 position (in agreement with the HC3N
interferometric observations from Wright et al. 1996), at higher
energies (lower panel) it is slightly shifted to the east for all ve-
locity ranges. In the upper panel we can see extended emission
along the molecular ridge in the N-S direction. In the velocity
range 7-14 km s−1 there is a clear elongation of the emission
towards the NE, corresponding to the extended ridge. All this
extended emission is the result of the low energy of this tran-
sition (∼34 K). Maps of the J=26-25 transition represented in
the lower panels, with an energy level four times higher, show
the same elongation but the emission is less extended. In addi-
4 Spectroscopic parameters for HC5N (dipole moment µ=4.33 D)
have been obtained from Bizzocchi et al. (2004) and Kroto et al. (1976).
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Fig. 6.Observed spectra of DC3N (black histogram) in the IRAM survey. Best fit LVG model results are shown in red. The horizontal
green line indicates the 3σ threshold used for line identification.
tion, we observe a second emission peak centered at ∼20′′ east
and ∼25′′ north of IRc2. In Sect. 6 we explain its possible ori-
gin. At velocities larger than 14 km s−1, the integrated intensity
decreases, and becomes more compact.
Figure 9 shows integrated intensity maps for two transitions
of the vibrational mode HC3N ν7 (J=12−1-11−1 and J=25−1-
24−1). Similar to the ground state of HC3N, the peak of emis-
sion is observed in the range 3-7 km s−1. In this case, however,
the emission presents a circular shape centered around IRc2,
with the peak shifted a few arcseconds (∼3′′) towards the NE
of IRc2 for the high energy transition. The same behavior was
found for the mapped transition at high energy of the ground
state of HC3N, indicating the possible presence of a warmer re-
gion in this direction. Another feature is that for high velocities
(VLSR>14.5 km s−1), we barely find emission of HC3N ν7 from
the low frequency transition (upper panel), while for the high
frequency transition we observe an important contribution from
this species. This line is overlapped with CH2CHCN (24(5,19)-
23(5,18)), see Fig. 3, at high velocities (15-25 km s−1). Therefore,
the emission that we obtain in the maps in these ranges is emis-
sion from CH2CHCN instead of HC3N ν7.
We also present an integrated emission map for the transition
J=26−1-25−1 of HC3N ν6 (see Fig. 10). The largest contribution
to the emission also comes from the velocity range 3-7 km s−1.
All the emission is located to the NE of IRc2; unlike the ground
state of HC3N and its vibrational mode ν7, there is no emission
from the west of IRc2. We do not find emission either in the
range 14-22 km s−1.
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Fig. 7. Sample of observed lines of HC5N (black histogram) in the IRAM survey. Best fit LVG model results are shown in red.
4. Analysis
We have analyzed the non-LTE excitation and radiative
transfer of the DC3N, HC3N, and HC5N lines. We used the LVG
(large velocity gradient) approximation, where the width of the
lines is due to the existence of large velocity gradients along the
line of sight through the cloud, so the speed variation between
relatively close points is greater than the local velocity disper-
sion. Only for the hot core do we consider local thermodynamic
equilibrium (LTE) approximation, due to the higher gas density
so that most of transitions are thermalized to the gas temper-
ature (T rot'TK). The code (MADEX) has been developed by
Cernicharo (2012), where corrections for the beam dilution of
each line, depending on the different beam sizes at different fre-
quencies, are included. In addition, this code takes into account
the size of each component and its offset position with respect
to IRc2. The LVG models are based on the Goldreich & Kwan
(1974) formalism.
In order to apply the LVG code, we have considered the same
cloud components for Orion KL used in Esplugues et al. (2013)
for the analysis of SO and SO2. Most of these cloud compo-
nents are considered as well in previous Orion KL interferomet-
ric studies such as Wright et al. (1996) and Beuther et al. (2005).
Taking into account the mapped transitions and the parameters
obtained from the Gaussian fits (see Sect. 5) of the line profiles
of HC3N, we assume uniform physical conditions of density, ki-
netic temperature, line-width and radial velocity for each com-
ponent (see Table 4), so that the column density of each observed
species is the only free parameter. However, in order to fit the
lines profiles of HC3N (ground and vibrational states) obtained
with Herschel observations, a density and temperature stratifi-
cation/gradient in the hot core is needed (as was predicted by
Esplugues et al. (2013) with IRAM observations of SO2 transi-
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Fig. 8. HC3N line integrated intensity maps for different velocity ranges (indicated at the bottom of each panel). Row 1 shows the
transition J=12-11 with Eup=34.1 K. The interval between contours is 4 K km s−1 and the minimum contour is 2 K km s−1. Row 2
shows the transition J=26-25 with Eup=153.3 K. The interval of contours is 7 K km s−1 and the minimum contour is 3 K km s−1.
The white plus indicates the position of the hot core and the black cross the position of the compact ridge. The beam size is also
shown with a blue circle.
Fig. 9. HC3N ν7 line integrated intensity maps for different velocity ranges (indicated at the bottom of each panel). Row 1 shows
the transition J=12−1-11−1 with Eup=354.2 K. The interval between contours is 0.4 K km s−1 and the minimum contour is 0.7 K
km s−1. Row 2 shows the transition J=25−1-24−1 with Eup=462.3 K. The interval of contours is 1.5 K km s−1 and the minimum
contour is 2 K km s−1. The white plus indicates the position of the hot core and the black cross the position of the compact ridge.
The beam size is also shown with a blue circle. The velocity ranges 14-18 and 18-22 km s−1 show integrated intensity contaminated
by CH2CHCN since there is an overlap of this species with the line of HC3N ν7 J=25−1-24−1.
tions with high energies, >700 K). This gradient is simulated by
adding a hotter inner component to the typical hot core condi-
tions (see Table 4). The final considered fit is the one that repro-
duces more line profiles better from transitions covering a ide en-
ergy range within a ∼20% of the uncertainty in the line intensity.
Given the different sources of uncertainty such as spatial overlap
of the cloud components, modest angular resolution, and the lack
of collisional rates for some vibrational modes such as ν7, 2ν7,
and 3ν7 to consider LVG instead of LTE in components different
to the hot core discussed in Esplugues et al. (2013), we have es-
timated the uncertainty in the model intensity predictions to be
25% for the HC3N results, 30% for HC5N (higher uncertainty
for HC5N with respect to HC3N because of the lines are weaker
and more blended with other species), and 35% for DC3N (due
to the overlap with other species) and for the vibrational modes
of HC3N (because of considering LTE instead of LVG). In all the
fits, we have checked the contribution of each component sepa-
rately from the rest. The adopted fit is that which best reproduces
the majority of the observed line profiles for both surveys (IRAM
and HIFI), within the ∼15% of uncertainty in the intensity (see
Esplugues et al. 2013 for more details about the technique used
to fit the line profiles).
4.1. HC3N
The results of the LVG code indicate that the HC3N lines
present typical optical depths τ<0.5. The column density of this
molecule has been derived using HC3N-pH2 collisonal rates
from Wernli (2007), and the modeled line profiles are shown
in Figs. 1 (IRAM) and 2 (Herschel). The cloud component
with the largest HC3N column density is the hot core HC1,
with N(HC3N)=(1.0±0.2)×1015 cm−2. This agrees with the re-
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Fig. 10. HC3N v6 line integrated intensity maps for different velocity ranges (indicated at the bottom of each panel) for the transition
J=26−1-25−1 with energy Eup=871.2 K. The interval between contours is 0.5 K km s−1 and the minimum contour is 0.35 K km s−1.
The white plus indicates the position of the hot core and the black cross the position of the compact ridge. The beam size is also
shown with a blue circle.
Table 4. Physical parameters adopted in the radiative transfer code for the Orion KL cloud components.
Source Offset(IRc2)
Component diameter IRAM HIFI n(H2) TK 4VFWHM VLSR
(′′) (′′) (′′) (cm−3) (K) (km s−1) (km s−1)
Extended ridge (ER) 120 0 0 105 60 4 8.5
Compact ridge (CR) 15 7 3 106 110 3 8
High velocity plateau (HP) 30 4 4 106 100 30 11
Plateau (PL) 20 0 0 5×106 150 25 6
Outer hot core (HC1) 10 2 2 1.5×107 220 10 5.5
Inner hot core (HC2) 7 4 4 5×106 310 7 5.5
20.5 km s−1 component 5 3 3 5×106 90 7.5 20.5
Table 5. Column densities, N, for HC3N (its isotopologues and vibrationally excited states, including DC3N) and HC5N.
Species Extended ridge Compact ridge High velocity Plateau Outer hot Inner hot core 20.5 km s−1
(ER) (CR) plateau (HP) (PL) core (HC1) (HC2) component
N×1014(cm−2) N×1014(cm−2) N×1014(cm−2) N×1014(cm−2) N×1014(cm−2) N×1014(cm−2) N×1014(cm−2)
HC3N 0.8±0.2 2.0±0.5 5±1 7±2 10±3 7±2 3.4±0.6
H13CCCN 0.03±0.01 0.08±0.02 0.20±0.06 0.3±0.1 0.6±0.2 2.4±0.7 ...
HC13CCN 0.010±0.003 0.10±0.03 0.20±0.06 0.10±0.03 0.7±0.2 1.2±0.4 ...
HCC13CN 0.010±0.003 0.09±0.03 0.20±0.06 0.10±0.03 1.0±0.3 0.9±0.3 ...
HC3N ν5 0.03±0.01 ... ... ... ... 3±1 ...
HC3N ν6 0.015±0.005 0.08±0.03 ... 1.0±0.4 0.5±0.2 3±1 ...
HC3N ν7 0.25±0.09 0.10±0.04 ... 4±1 8±3 6±2 ...
HC3N 2ν7 0.08±0.03 0.08±0.03 ... 0.4±0.1 1.5±0.5 5±2 ...
HC3N 3ν7 0.010±0.004 0.05±0.02 ... 0.20±0.07 0.9±0.3 1.2±0.4 ...
HC3N ν6+ν7 0.015±0.005 0.025±0.009 ... 0.07±0.02 ... 0.15±0.05 ...
H13CCCN ν7 0.013±0.005 0.010±0.004 ... 0.10±0.04 0.25±0.09 0.3±0.1 ...
HC13CCN ν7 0.013±0.005 0.010±0.004 ... 0.10±0.04 0.25±0.09 0.3±0.1 ...
HCC13CN ν7 0.013±0.005 0.010±0.004 ... 0.10±0.04 0.25±0.09 0.3±0.1 ...
DC3N ... 0.027±0.009 ... ... 0.15±0.05 ... ...
HC5N 0.05±0.02 0.030±0.009 ... ... 0.7±0.2 ... ...
sult obtained by Wright et al. (1996), White et al. (2003), and
Persson et al. (2007) who found HC3N column densities of
2×1015, 1015, and 1.5×1015 cm−2, respectively. The inner hot
core (HC2) and the plateau (PL), with assumed temperatures of
T k=310 and 150 K respectively, present the same column den-
sity: N(HC3N)=(7±1)×1014 cm−2. The HC2 component is most
visible in the transitions observed with HIFI (transitions with
high energy), whereas the HC1 and PL components mainly af-
fect lines at 1.3 and 2 mm. Another component with important
contribution to the emission is the high velocity plateau, whose
column density is N(HC3N)=(5±1)×1014 cm−2. This component
contributes significantly to the intensity of lines at 3 mm. In or-
der to obtain a good fit to the lines at low frequencies, we also
needed to consider a contribution from the extended ridge, with
a column density of N(HC3N)=(8±2)×1013 cm−2. In addition,
similar to the analysis of SO and SO2 emission in Esplugues
et al. (2013), we also found a contribution from the component
centered at 20.5 km s−1, with N(HC3N)=(3.4±0.6)×1014 cm−2.
This contribution is negligible in the isotopologues or vibrational
modes of HC3N, but it is significant for ground state transitions
as we can see in the line profiles in Fig. 1, in particular for J≥15.
For the vibrational mode ν7 there are no collisional rates
available, so we adopted LTE approximation. As for the ground
state of HC3N, we found the largest column density in the
outer hot core, HC1, with a value of (8±2)×1014 cm−2. In HC2,
the component with the highest temperature, we found a sim-
ilar column density, (6±1)×1014 cm−2. The plateau component
with higher temperature (PL) mainly contributes to the emis-
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sion of lines at 2 and 3 mm with N(HC3N)=(4.0±0.8)×1014
cm−2. This value is about two times lower than that obtained
for the ground state. In the extended and compact ridge, the
column densities are similar to those obtained for the 13C iso-
topologues of HC3N (discussed below). Figure 3 shows our best
LTE model fits for lines observed in the IRAM survey. Fits for
lines from HIFI are shown in the Appendix (Fig. A.1). From
Fig. 3, we observe that lines at 3 mm present a poor fit at neg-
ative velocities. The same behaviour is also observed in Fig. 1
for the ground state of HC3N. This could be due to contributions
from other blended species, as in the case of J=11-10, which
is blended with HCOOCH3, however, the existence of emission
arising from a component centered at VLSR∼0 km s−1 seems
more likely. We are able to fit this part of the line profiles by in-
troducing a new component in the model centered at -1 km s−1,
with n(H2)=105 cm−3, T k=60 K, and a line-width of 10 km s−1.
Given the low temperature, this component seems to represent a
gradient of the extended ridge. However, 4VFWHM=10 km s−1 is
more than twice the typical line width for the ridge, which could
indicate effects from outflows. Finally, we have not to included
this component in the final model because of its unknown origin
and the low certainty of its real existence, since it could also be
due to contamination from other species.
We have assumed LTE excitation due to the lack of colli-
sional rates for the vibrational modes 2ν7 and 3ν7 of HC3N. They
present column densities similar to the ν7 mode in the inner hot
core HC2, in particular the mode 2ν7, with N=(5±1)×1014 cm−2.
However, in HC1, the contribution to the emission of 2ν7 and 3ν7
is up to eight times lower than that of ν7 (see Table 5). The low-
est contributions for both modes come from the extended and
the compact ridge. HC3N 2ν7 is between 1.6 and 8 times more
abundant than HC3N 3ν7. Figures A.2 and A.3 show our best
fit lines of 2ν7 from IRAM and HIFI, respectively, and Fig. A.4
shows the fits to lines of 3ν7 from the IRAM line survey.
Figures A.5, A.6, A.7, and A.8 (see Appendix) show the
modeled profiles for the vibrational modes ν5 and v6 of HC3N,
observed with the IRAM and Herschel surveys. These fits have
also been made considering LTE approximation, due to the lack
of collisional rates. For both vibrational states, the emission
comes mainly from the hottest region (HC2), with column densi-
ties ∼3×1014 cm−2 (see Table 5). This component mainly affects
the lines in the HIFI range and the lines at 1.3 mm. In the case of
ν6, we also find an important contribution from the plateau (PL),
with a column density of (1.0±0.2)×1014 cm−2. In the case of
ν5, the line profiles are very narrow and it was not necessary to
include any contribution from the plateau.
We have also fitted the lines of the state ν6+ν7 of HC3N (Fig.
A.9 in the Appendix), with LTE models owing to the absence of
collisional rates. We found that the largest contribution arises
from the hot core (HC2), with N(HC3N ν6+ν7)=(1.5±0.5)×1013
cm−2. Due to the high energies of all transitions, the contribution
from the component HC1 is negligible compared to that from
HC2. We found that the lines in the HIFI data were blended with
stronger species, therefore we did not consider any detection of
HC3N ν6+ν7 with this instrument.
The emission from the 13C isotopologues of HC3N is domi-
nated by the contribution from the inner hot core with N=(0.9-
2.4)×1014 cm−2 for all of them, followed by emission from the
HC1, where we find N=(6±1)×1013 cm−2. To fit the line profiles
at 2 and 3 mm it was necessary to consider a contribution from
the plateau PL, where N=(3.3±0.6)×1013 cm−2 for H13CCCN
and N=(1.0±0.2)×1013 cm−2 for the other two 13C isotopo-
logues. These values are very similar to those obtained for the
high velocity plateau as well. The column densities obtained
Fig. 11. Column densities, Ln(Nu/gu), of HC3N ν0, ν5, ν6, ν7,
and 2ν7 vibrational states versus vibrational energy Eu (K). gu is
the degeneracy of each mode.
for the extended ridge are about one order of magnitude lower,
N=(1-3)×1012 cm−2 for the 13C isotopologues. Figures A.10,
A.11, and A.12 (see Appendix) show our best fit LVG model
for each isotopologue observed with the IRAM-30m, and Figs.
A.13, A.14, and A.15 show the results for the 13C isotopologue
lines from HIFI. The collisional rates used have been taken from
HC3N-pH2 (Wernli et al. 2007). All lines from HC315N except
one, are hidden by other stronger species. Therefore, we con-
sider the column density obtained, N(HC315N)=4.5x1013 cm−2,
as an upper limit. We have also calculated the column densi-
ties of the 13C isotopologues of HC3N ν7. The main contribution
to the emission arises from the hot core (HC1 and HC2), while
in the ridge (compact and extended) we found column densities
about one order of magnitude lower (see Table 5 and Figs. A.16,
A.17, and A.18).
We have also calculated the rotation temperature for the
vibrational lines (vibrational temperature) in the hot core
(HC1+HC2). We have represented in Fig. 11 the column den-
sities obtained for the ground state and the vibrational modes
ν5, ν6, ν7, and 2ν7 (see Table 5) versus their vibrational energies
(0, 954.48, 718.13, 320.45, and 642.67 K, respectively). From
a linear fit of the points, we obtain a vibrational temperature of
T vib=360±50 K. This value is similar to the kinetic temperature
we have adopted for the hot core HC2 (310 K). Since vibra-
tional excitation is expected to strongly depend on temperature
and density gradients in the region, it is consistent that we find
the strongest emission from vibrational modes in the hot core.
4.2. DC3N
To model the lines of DC3N we have assumed LTE condi-
tions for the hot core and LVG calculations for the rest of the
components, as we did for HC3N, using collisional rates from
Wernli et al. (2007) (HC3N-p-H2). Given that this molecule had
previously been only detected in dark clouds, we first tried to
use only components with rather low temperatures (TK∼60 K).
However, it was impossible to fit the lines at high frequencies,
so we had to consider hotter components in our model. In ad-
dition, these hot components should also be narrow (given the
observed line widths). For DC3N we found that only the hot
core (HC1) and the compact ridge (CR) are responsible for the
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emission. The CR affects only the lines at 2 and 3 mm, whereas
HC1 contributes to all lines, although mainly to lines at 1.3 mm
(Fig. 6). In this case we have changed the line-width for the hot
core (HC1) component with respect to the parameters given in
Table 4 in order to better reproduce the line profiles. The adopted
value is 4VFWHM=8 km s−1. The column densities obtained are
(1.5±0.5)×1013 cm−2 and (2.7±0.8)×1012cm−2 for HC1 and CR,
respectively (see Table 5). The value of the column density for
the CR is very similar to the values obtained by Howe et al.
(1994) in the dark clouds TMC-1, N=(5.9±0.3)×1012 cm−2, and
L1544 N=(2.2±0.5)×1012 cm−2, although larger than the value
obtained by Cordiner et al. (2012) in Cha-MMS1, N=9×1011
cm−2. The column density for HC1, however, is one order of
magnitude higher than the values found in these dark clouds.
4.3. HC5N
Column densities for HC5N have been derived using LVG
models with collisional rates from Deguchi & Uyemura et al.
(1984). We only find contribution to the emission from three
components: the hot core (HC1), the compact ridge, and the ex-
tended ridge. The hot core (HC1) presents the largest HC5N col-
umn density, with N(HC5N)=(7±2)×1013 cm−2, while the col-
umn densities for both ridges are an order of magnitude lower
(see Table 5). Comparing these results with other sources, Broten
et al. (1976) found a column density of 1.5×1014 cm−2 in Sgr
B2, whereas in dark clouds such as L1489, L1521E or TMC-2
the column density is ∼1012 cm−2 (Suzuki et al. 1992). In Orion
A (KL), Bujarrabal et al. (1981) found N(HC5N)=(5±2)×1012
cm−2 for the ridge component, consistent with our values.
5. HC3N in other sources
In this section we compare our results for HC3N with re-
sults obtained by other authors in a sample of 18 molecu-
lar cloud cores: 11 belong to giant clouds (GMCs) and 7
(MCLD123.5+24.9, Cha-MMS1, CrA C, TMC1, B1-b, L1544,
and L183) to small dark clouds (SMCs). Table 6 shows the prop-
erties of each source. In addition, we study possible correlations
between the column density of HC3N, the observed line width
of this species, the cloud core mass, and the distance from the
galactic center.
First we have considered the cloud cores of the sample with
results for the column density of N(HC3N). These values (see
references in Table 6) were calculated considering LTE approx-
imation. In the case of Orion KL, to be able to compare with the
other sources, we have also calculated the column density of the
ground state of HC3N for the dominant (hot core) component,
assuming that the source fills the beam and that the lines are op-
tically thin. With the data from Table A.2 we obtain a rotational
diagram by applying the expression:
ln(γuW/gu) = ln(N) − ln(Z) − (Eu/kT ) (3)
where W is the integrated line intensity, gu is the statistical
weight of each level, N the column density, Z is the partition
function at temperature T , Eu the energy of the upper level, k
is the Boltzman constant, T the rotational temperature, and γu
a constant which depends on the transition frequency and the
Einstein coefficient Aul (see Goldsmith & Langer 1999 for more
details). Figure 12 shows the column density of HC3N for each
source against its infrared luminosity. We observe an increas-
ing trend of the column density of HC3N with the luminosity.
Fig. 12. Correlation between the column density of HC3N ob-
served in different cloud cores and their infrared luminosity (L).
A linear fit of these points provides a determination coefficient
R2=0.79.
Figure 13 shows the observed line widths of HC3N (J=10-9)
in 17 cloud cores according to their masses. Considering only the
cores belonging to giant clouds, we do not find any apparent cor-
relation between these parameters. However, if we include the
dark clouds, we see a trend (R2=0.60), also increasing, between
the FWHM of the HC3N lines and the mass of the sources. A
bigger sample (including more cores of dark cloud cores) could
confirm the correlation, however we have not included them due
to the lack of observations of this transition of HC3N in these
kind of clouds.
We have also studied a possible correlation between the lu-
minosity of the cloud cores and the line widths for the transi-
tion J=10-9 (see Fig. 14). In this case, the FWHM increases as
luminosity increases (determination coefficient is R2=0.76). We
obtain therefore the largest FWHMs, luminosities, and HC3N
column densities in the cloud cores with higher masses. It sug-
gests that these cores harbor the most massive stars responsible
for their high luminosities. However, another posibility should
be considered, mainly from the trend of Fig. 14. We see that
some of the cores present large FWHMs and since line widths
depend on the kinematics of the gas and mainly on the disper-
sion velocity, these results could suggest the presence of many
lower mass sources within these massive cores, yielding larger
velocity dispersions and therefore larger FHWMs. Further stud-
ies of these cores could provide new hints concerning the high
mass star formation and the role of low mass stars in this process.
Observations of HC3N in a larger sample of SMCs are required
to obtain firmer conclusions about the HC3N properties in GMCs
and SMCs.
6. Discussion
We have shown that cyanoacetylene is an excellent dense
gas tracer (see also Morris et al. 1976, Chung et al. 1991, Bergin
1996). In particular, we find that the column density of HC3N in
the hot core is up to two orders of magnitude higher than in the
other Orion cloud components. The large number of high energy
transitions of HC3N (especially from the vibrational modes ν5,
ν6, and ν7) observed with the Herschel telescope has revealed
the existence of a temperature and density gradient in the hot
core (the HC2 component), that probably would have not been
detected from the IRAM-30m data alone, due to the fact that the
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Table 6. Sample of molecular cloud cores.
Core Infrared HC3N N(HC3N)
Source R.A. Dec. Mass Distance Luminosity J=10-9 ×1013 References
(J2000) (J2000) ×103(M) (kpc) ×103(L) ∆V (km s−1) (cm−2)
W3(OH) 02:27:03.7 61:52:25 0.100 2.000 ... 3.65 0.4 2, 3, 4, 5, 6
Mon R2 06:07:46.2 -06:23:08.3 1.000 0.950 50 2.00 1.2 7, 8, 9, 10, 11
NGC 2264 06:41:09.80 09:29:32.0 1.664 0.700 0.367 2.11 1.4 6, 12, 13
M17 SW 18:20:27.6 -16:12:00.9 30.000 2.400 ... 5.60 1.0 10, 14, 15, 16
Orion KL 5:35:14.3 -5:22:36.7 1.800 0.414 100 9.00 78a 1, 17, 18, 19, 21
S140 22:19:19.1 63:18:50.3 0.771 0.910 20.56 2.32 2.0 6, 10, 12, 13
DR21S 20:39:01.01 42:22:49.9 1.941 3.000 50 4.80 2.0 6, 10, 12, 20
OMC2 5:35:27.0 -05:10:06 1.000 0.450 3.5 1.30 1.2 24, 25, 26
Sgr B2N 17:47:20.3 -28:22:19 0.800 7100 104 23.60 105 30
Sgr B2M 17:47:20.3 -28:23:07 0.500 7100 2×104 19.30 7000 30
NGC 6334N 17:20:53.2 -35:47:17 3000 1700 7 10.40 ... 10, 23, 31, 22
MCLD 123.5+24.9 2:17:20.07 87:41:18.3 0.003 0.150 ... 0.22 0.27 27, 28, 29
Cha-MMS1 11:06:33.0 -77:23:46.0 0.0015 0.150 ... 0.65 45 32, 33
CrA C 19:03:58 -37:16:00 0.007 0.170 ... 0.34 0.057 32
TMC1 (HCL2-A) 04:41:45.9 +25:41:27 0.005 0.140 ... 0.57 0.4 34, 35
B1-b 03:33:20.8 +31:07:34 0.006 0.200 ... 0.89 2.8 36, 37
L1544 05:04:18.1 +25:10:48 0.0027 0.140 ... 0.462 2.6 37, 38
L183 15:54:08.6 -02:52:10 ... 0.160 0.0013 0.478 2.6 37, 39
Notes. Column 1 indicates the molecular cloud core, Col.2 the right ascension, Col. 3 gives the declination, Col. 4 the core mass, Col. 5 the
distance, Col. 6 the infrared luminosity, Col. 7 the line width of the transition J=10-9 of HC3N, Col. 8 the HC3N column density, and Col. 9 the
references.
(a) result obtained from data shown in Table A.2 through a rotational diagram.
References. (1) This Paper; (2) Kawamura & Masson (1998); (3) Polychroni et al. (2012); (4) Hachisuka et al. (2006); (5) Kim et al. (2006); (6)
Li et al. (2012); (7) Tafalla et al. (1997); (8) Racine & van der Bergh (1970); (9) Thronson et al. (1980); (10) Vanden Bout et al. (1983); (11) Rizzo
et al. (2005); (12) Alakoz et al. (2003); (13) Ridge et al. (2003); (14) Wang et al. (1993); (15) Lada et al. (1976); (16) Bergin et al. (1997); (17)
Morris et al. (1976); (18) Tatematsu et al. (1993); (19) Peng et al. (2012); (20) Chung et al. (1991); (21) Gezari et al. (1998); (22) Gezari (1982);
(23) Sandell (2000); (24) Liu et al. (2011); (25) Nielbock et al. (2003); (26) Thronson (1978); (27) Shimoikura et al. (2012); (28) Heithausen et al.
(2008); (29) Bo¨ttner et al. (2003); (30) de Vicente et al. (2000); (31) Tieftrunk et al. (1998); (32) Kontinen et al. (2000); (33) Cordiner et al. (2012);
(34) Cernicharo et al. (1984); (35) Howe et al. (1996); (36) Hirano et al. (1999); (37) Thesis Nuria Marcelino (2007); (38) Doty et al. (2005); (39)
Sargent et al. (1983).
Table 7. Isotopic and molecular ratios.
Extended Compact High velocity Plateau Hot Hot
Ratio ridge ridge plateau (PL) core core
(ER) (CR) (HP) (HC1) (HC2)
HC3N/H13CCCN 27±16 27±14 25±13 21±12 17±11 3±2
HC3N/HC13CCN 80±44 20±11 25±13 70±41 14±8 5±3
HC3N/HCC13CN 80±44 24±14 25±13 70±41 10±6 7±4
HC3N/HC5N 16±10 67±37 ... ... 14±8 ...
DC3N/HC3N ... 0.014±0.008 ... ... 0.015±0.009 ...
emission from this component affects only the highest energy
transitions. Moreover, the high vibrational temperature obtained
in Sect. 4.1, shows the possible presence of an even hotter inner
region than HC2 within the hot core.
From the 2′×2′ maps (Sect. 3.2), we find that the emission
for the ground state and the ν7 vibrational mode, reaches its peak
in the velocity range associated with the hot core and the high
velocity plateau (a hot region affected by shocks). These maps
also show the kinematics of the gas from two low energy transi-
tions of HC3N. The transition J=12-11 shows how the emission
is elongated in the NE direction toward the extended ridge, with
the emission toward the SW being much weaker. This elonga-
tion toward the NE could originate from the interaction of the
hot spot situated at ∼18′′ east and ∼25′′ north of IRc2 (that we
observe in the mapped transition J=26-25), with the ambient gas
in the ridge component. The hot spot could be associated with
the CS1 condensation in the extended ridge noted by Mundy et
al. (1988).
6.1. Isotopic and molecular abundances
Column density ratios have been calculated for the different
isotopologues of HC3N as well as molecular ratios (see Table
7). We show only the cases where the column densities were
obtained considering LVG approximation in order to avoid large
uncertainties in the ratio values.
12C/13C: in the ground state, we get the same ratio in the
high velocity plateau for the three 13C isotopologues. In the hot
core (HC1), we also obtain similar ratios for the three isotopo-
logues, however in the plateau (PL) and in the extended ridge we
obtain a larger difference (a factor ∼3) between the abundance
of H13CCCN and the other two 13C isotopologues with respect
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Fig. 13. Correlation between the observed line widths of HC3N
J=10-9 in different cloud cores and their mass (M).
Fig. 14. Correlation between observed line width, FWHM, and
infrared luminosity (L) of different cloud cores.
to HC3N. These last are in agreement with the solar abundance
(12C/13C=90) from Anders & Grevesse (1989), in the plateau
(PL) and extended ridge. In the rest of the regions, the results are
much lower than the solar abundance, in particular in the hot core
(HC2). In this region with the lowest size and the highest temper-
ature of Orion KL, we obtain the largest abundance of the 13C
isotopologue respect to 12C. From observations of OCS, C34S,
and H2CS in Orion KL, Tercero et al. (2010) obtained a 12C/13C
ratio of 15, 18, and 20, respectively in the hot core, while in
the plateau the ratio is 25, and 7-14 in the compact ridge. These
values agree with our results (considering the uncertainty), espe-
cially those obtained from the C34S molecule. Comparing with
other sources, Milam et al. (2004) found 12C/13C=20.5 in the
molecular cloud W31 and 12C/13C=47.8 in G49.2, while in the
cloud WB391 the value was 12C/13C∼135.
In Table 7, we also list column density ratios for HC3N
with respect to its deuterated counterpart (DC3N) and HC5N.
For HC3N/HC5N, we obtain ratios >14. Comparing with other
authors, Bujarrabal et al. (1981) obtained HC3N/HC5N=13±7
in the ridge component of Orion KL, Cernicharo et al. (1984)
obtained a ratio HC3N/HC5N between 3 and 8 in TMC-1,
and HC3N/HC5N=66 in IRC+10216 according to results from
Bujarrabal et al. (1981) and Jewell & Snyder (1984). But es-
pecially interesting is the obtained D/H ratio (0.015), which is
Table 8. Molecular abundances, X, with respect to H2.
Region Species X (This work) X (Other works)
(×10−10) (×10−10)
Extended HC3N 10 ...
Ridgea DC3N ... ...
HC5N 0.66 ...
Compact HC3N 27 20(1)
Ridgeb DC3N 0.36 ...
HC5N 0.40 ...
HC3N 33 24(2)
Plateauc DC3N ... ..
HC5N ... ..
High HC3N 81 ...
velocity DC3N ... ...
Plateaud HC5N ... ...
Hot HC3N 40 18(2)
coree DC3N 0.36 ...
(HC1+HC2) HC5N 1.7 ...
Notes. Derived molecular abundances assuming:
(a) NH2 =7.5×1022 cm−2, (b) NH2 =7.5×1022 cm−2, (c) NH2 =2.1×1023
cm−2, (d) NH2 =6.2×1022 cm−2, (e) NH2 =4.2×1023 cm−2.
References. (1) Morris et al. (1976); (2) Sutton et al. (1995).
comparable to that for dark clouds, like the rato obtained by
Langer et al. (1980) in TMC1, D/H=0.02-0.08.
Table 8 shows the derived molecular abundances of HC3N,
HC5N, and DC3N with respect to hydrogen in each compo-
nent (see Tercero et al. (2011) for the assumed values of NH2 ).
We find that the highest abundance of HC3N is obtained in the
high velocity plateau, whereas in the hot core this abundance
is twice lower. The extended ridge has the lowest abundance of
cyanoacetylene. HC5N is up to four times more abundant in the
hot core than in the rest of components, and DC3N presents a
similar abundance in the hot core and in the compact ridge.
6.2. On the origin of the DC3N emission
We have presented here a tentative detection of DC3N in a
giant molecular cloud. Prior to this work, it was only observed
in dark clouds, where deuterium fractionation is very effectively
enhanced above the deuterium cosmic abundance, D/H∼10−5,
due to their low temperatures and large CO depletion (see e.g.
Roberts et al. 2003). We have obtained in the hot core of Orion
KL a ratio D/H=0.015±0.009. In the same cloud, Walmsley
et al. (1987) obtained D/H=0.003 (from NH2D observations),
Mauersberger et al. (1988) deduced D/H=0.01-0.06 (from
CH3OD), Jacq et al. (1993) D/H=0.01-0.09 (from CH2DOH),
and Bergin et al. (2010) D/H=0.02 (from HDO/H2O) in broad
agreement with our result. Other authors such as Persson et al.
(2007) and Neill et al. (2013) obtained, however, lower ratios
of D/H (0.001 and 0.003, respectively). Deuterium enrichment
is expected to be produced in cold clouds or during the cold
phase (prior to the hot core stage) of giant clouds (Fontani et
al. 2011). To obtain large ratios of D/H (as obtained in this work
which is comparable to that obtained in cold clouds), low tem-
peratures and high densities (>104 cm−3) are required. In our
case, since the temperature of the hot core of Orion is >200 K,
one of the most plausible mechanisms to explain the presence of
DC3N is to consider that the formation of this molecule occurred
prior to the gas phase, i.e., the fractionation occured on grain
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surfaces when the cloud was much colder, and then the deuter-
ated compounds were released into the gas phase when the icy
mantles sublimated. However, taking into account that HC3N is
not mainly formed on grain surfaces, we should also consider
other possible mechanisms for the formation of DC3N, which
imply higher temperatures. If we analyse the different ways to
form deuterated molecules, we observe that deuterium is mainly
locked into HD and transferred to other species by exothermic
ion-molecule reactions (Howe et al. 1994):
H+3 + HD→ H2D+ + H2 (4)
CH+3 + HD→ CH2D+ + H2 (5)
C2H+2 + HD→ C2HD+ + H2 (6)
H2D+, CH2D+, and C2HD+ are molecules that can transfer their
deuterium to other species. However, depending on the temeper-
ature of the cloud, some may be more important than others.
Equation (4) is only important at low temperatures (≤25 K), be-
cause the reverse reaction is exothermic and inefficient, whereas
(5) and (6) (with exothermicities ∼390 and ∼550 K respectively)
are efficient at temperatures up to 100 K.
If we consider the case where HC3N is formed on grains,
HC3N can be considered a reservoir from which DC3N could be
formed subsequently in the gas phase, as a result of deuterated
ions reacting with HC3N (Langer et al. 1980):
H2D+ + HC3N→ HDC3N+ + H2 (7)
HDC3N+ + e→ DC3N + H (8)
However, if the DC3N/HC3N ratio is larger than DCO+/HCO+,
the formation of HC3N primarily on grains is ruled out (Langer
et al. 1980). The ratio for DCO+/HCO+ observed in Orion is
<0.009 (Rodrı´guez-Kuiper et al. 1978). This would suggest that
the formation of HC3N did not take place during the cold phase.
In this case, some of the mechanisms for the gas-phase produc-
tion of HC3N are the reactions of H2CN+ with C2H2, followed
by dissociative recombination, are proposed by Mitchell et al.
(1979), or reactions of CH+3 with C2H or C2 to produce C3H
+
2 ,
followed by a reaction of this ion with nitrogen (Langer et al.
1980). The production of DC3N would then be through ion-
molecule reactions for example:
HDCN+ + C2H2
H2CN+ + C2HD
}
HDC3N+ + H2 (9)
In fact, other routes of formation may also be important. In order
to investigate further the origin of the deuterated cyanoacetylene
in Orion KL, we have used a gas-grain time-dependent chemical
model (see Sect. 6.2.1).
6.2.1. Chemical model
We have modeled the hot core of Orion KL using the chemi-
cal model UCL CHEM (Viti et al. 2004), a time-dependent gas-
grain model where the chemistry, density, and temperature are
calculated at each time-step, producing chemical abundances. It
is a two-phase calculation: phase I simulates the free-fall col-
lapse of the core, until densities typical of hot cores (∼107 cm−3)
are reached. In this phase atoms and molecules are frozen onto
grain surfaces. Phase II follows the chemical evolution of the
core once a source of radiation is present. We simulate the ef-
fect of the presence of an infrared source in the center of the
Table 9. Hot core chemical models and their parameters.
Model M? f r Sulphur
(M) (%) (S)
1 10 50 0.1
2 10 50 0.01
3 10 85 0.1
4 10 85 0.01
5 15 50 0.1
6 15 50 0.01
7 15 85 0.1
8 15 85 0.01
Notes. Column 1 indicates the model, Col. 2 the final density of hydro-
gen at the end of phase I, Col. 3 the mass of the formed star, Col. 4 the
percentage of depletion onto grains, and Col. 5 the initial abundance of
sulphur in units of the solar abundance.
core or in its vicinity increasing the gas and dust temperature
up to T=300 K. This increase of temperature is based on the lu-
minosity of the protostar by using the observational luminosity
function of Molinari et al. (2000).
We have considered a source diameter of 10 arcsec, a final
volume density nH=2×107 cm−3, an efficiency of freeze out f r
in phase I of 50% and 85%, and a mass for the star of 10M
and 15M (see Table 9). The initial elemental abundances of the
main species (H, He, C, O, N, Mg, S) are also input parameters.
We have adopted the solar abundance for all of them, except for
sulphur that we have depleted by a factor 10 and 100, as it is
well known that it may be depleted onto grains in star-forming
regions (Bergin et al. 2001, Pagani et al. 2005). Figure 15 shows
the time evolution of HC3N, DC3N, H2D+, and C2HD+ for se-
lected hot core models during phase II.
From Fig. 15 we find that the initial abundance of sulphur
barely affects the time evolution of the column densities shown
here. Comparing the theoretical and observed (Table 5) column
densities of HC3N and DC3N, we find that the models that best
reproduce our observations correspond to those for a hot core
with a star of mass 10M and with a depletion efficiency of 85%.
In this case, the observations are reproduced at t∼6×104 years
after the central star switches on. In the models with f r=50%, we
obtain (at t∼105 years) values for the column density of HC3N
similar to those obtained from our line fits; however, the values
for DC3N are too low. For all models with 15M, the column
densities obtained for both HC3N and DC3N are too low.
It is interesting to note, however, that DC3N reaches the ob-
served value during phase II, i.e, its enhancement occurs during
the hot core and not the cold phase, in conjunction with an in-
crease in HC3N. A chemical analysis of these two species after
104 years (when they start to increase for the best fit models)
shows that their main route of formation is via reactions of CN
with C2H2 and C2HD; in fact when the core temperature starts
increasing above 50 K, C2H2 and C2HD increase by several or-
ders of magnitudes, due to their evaporation from the icy man-
tles. At later stages however, these species are destroyed, lead-
ing to a decrease in HC3N and DC3N as well. We note that the
time at which the different species sublimate from the mantle is
a function of the mass of the star, as well as their binding (on the
grains) properties (see Collings et al. 2004 and Viti et al. 2004
for more details). Hence, crucial to the interpretation of our re-
sults is our treatment of the time and mass dependence of the
increase of the temperature once the protostar is born (Viti &
Williams 1999); we therefore restrain from drawing any conclu-
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Fig. 15. Time evolution of the column densities of HC3N, DC3N, H2D+, and CH2D+ for selected hot cores chemical models. The
input parameters for the mass of the formed star, the depletion efficiency ( f r), and the sulphur solar abundance are indicated on the
top of each panel.
sion on the age of the core, but note that a too fast increase of
temperature (as occurs for a 15M star) leads to a more efficient
destruction chemistry, hence “missing”the enhancement phase
for HC3N and DC3N. Regardless of the details of the individual
models, what is clear is that the DC3N that forms during the cold
phase is not enough to account for what is observed in the Orion
KL hot core and that DC3N must partly form during the hot core
phase.
7. Summary and Conclusions
We have reported a tentative detection of DC3N in Orion KL
with the IRAM 30m line survey. We have also studied the pres-
ence of HC5N and HC3N in this region with IRAM-30m and
Herschel/HIFI observations, covering a total frequency range
from 80 to 1907 GHz. We have detected 35 lines of HC5N and
41 lines of HC3N in its ground state, as well as 68 transitions
of its 13C isotopologues, and a large number of lines (297) from
six vibrational states, ν5, ν6, ν7, 2ν7, 3ν7, and ν6+ν7 of HC3N.
This large number of observed lines has allowed us to consider
a temperature and density gradient in the hot core of Orion KL,
that with only observations from ground-based telescopes would
probably not be possible.
For HC3N, we found the emission to arise mainly from the
hot core. But unlike other works, we conclude, by applying a
LVG code, that the emission comes from the outer part of the
hot core, where the temperature is TK∼220 K. For the vibra-
tional modes ν5, ν6, 2ν7, and 3ν7, we detected emission from
the inner most part of the hot core with TK∼310 K, this be-
ing the component most responsible for the emission of these
modes. Their column densities are 1-6×1014 cm−2. Similar to
HC3N, we obtained from LVG models that most of the emission
of HC5N is coming from the outer hot core, although its column
density in this region is ∼15 times lower than that of HC3N.
Comparing with other sources, the derived column density of
HC5N is a factor 3 larger than the column densities of HC3N
found in dark clouds by Cernicharo et al. (1984). With respect
to DC3N, our best model indicates that the emission comes from
the hot core and from the compact ridge. Calculating the ratio
R=DC3N/HC3N from the column densities of both molecules,
we obtained R=0.015±0.009 for the hot core. In order to study
the possible origin of DC3N in this region and to explain the
high level of deuteration in the warm gas, we ran several chem-
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ical models. We reproduced the observed column densities of
HC3N and DC3N in the gas-phase with models of hot core, with
a central star of 10M and high depletion efficency (85%). From
these results, we concluded that the likely observed DC3N in
Orion KL is mainly formed during the warm gas-phase.
From maps of HC3N, we confirmed that the peak of the
emission is found at velocities associated with the hot core, in
agreement with the results of our best fit models, and observed at
low energies a northest-southwest gradient in the gas excitation,
which traces the ridge component. For higher energies (E∼150
K), we detected a second peak of emission to the NE of the hot
core that may represent the shocked ridge material, similar to
the CH3CN study by Bell et al. (submitted). For the vibrational
modes ν6 and ν7 we found a compact distribution of the emission
centred on the hot core.
Finally, we have compared the results for HC3N in Orion KL
with those for other sources. With a sample of 18 cloud cores,
we found correlations between their masses, HC3N column den-
sities, the line widths, and their infrared luminosities. We de-
duced that the most massive cloud cores present the largest col-
umn densities and line widths of HC3N.
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Table A.1. Observed lines of HC3N and its isotopologues (ground and vibrational states) .
Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC3N 9-8 81881.462 9.0 19.6 81881.5 8.9 7.01
HC3N 10-9 90978.988 10.0 24.0 90979.5 7.3 7.90
HC3N 11-10 100076.384 11.0 28.8 100076.5 8.7 9.31 HCOOCH3
HC3N 12-11 109173.637 12.0 34.1 109173.5 9.4 10.91
HC3N 15-14 136464.402 15.0 52.4 136465.1 7.5 15.40
HC3N 16-15 145560.949 16.0 59.4 145561.4 8.1 18.31
HC3N 17-16 154657.287 17.0 66.8 154657.6 8.4 20.40
HC3N 18-17 163753.403 18.0 74.7 163753.9 8.1 21.11
HC3N 19-18 172849.285 19.0 83.0 172850.1 7.6 22.94
HC3N 22-21 200135.388 22.0 110.5 200136.9 6.7 24.35
HC3N 23-22 209230.198 23.0 120.5 209233.2 4.7 19.81
HC3N 24-23 218324.708 24.0 131.0 218328.6 3.7 21.04
HC3N 25-24 227418.905 25.0 141.9 227422.4 4.4 23.40
HC3N 26-25 236512.776 26.0 153.3 236516.1 4.8 30.50
HC3N 27-26 245606.307 27.0 165.0 245609.9 4.6 26.71
HC3N 28-27 254699.485 28.0 177.3 254703.9 3.8 29.09
HC3N 29-28 263792.298 29.0 189.9 263795.1 5.8 29.54
HC3N 30-29 272884.732 30.0 203.0 272888.9 4.4 25.48
HC3N 53-52 481876.226 53.0 624.6 481880.9 6.1 0.90
HC3N 54-53 490955.662 54.0 648.2 490962.2 5.0 1.27
HC3N 55-54 500034.393 55.0 672.2 500041.0 5.0 0.99
HC3N 56-55 509112.407 56.0 696.6 509118.1 5.7 1.22 H2CO
HC3N 57-56 518189.694 57.0 721.5 518202.5 1.6 1.05
HC3N 58-57 527266.230 58.0 746.8 527272.3 5.5 0.81
HC3N 59-58 536342.013 59.0 772.6 ... ... ... SO2
HC3N 60-59 545417.027 60.0 798.7 545421.8 6.4 0.75
HC3N 61-60 554491.258 61.0 825.3 554496.6 6.1 0.82
HC3N 62-61 563564.694 62.0 852.4 563570.4 6.0 0.68
HC3N 63-62 572637.321 63.0 879.9 572644.7 5.1 0.59
HC3N 64-63 581709.126 64.0 907.8 581715.4 5.8 0.62
HC3N 65-64 590780.097 65.0 936.2 ... ... ... CH3OH
HC3N 66-65 599850.221 66.0 964.9 599856.5 5.9 0.50
HC3N 67-66 608919.484 67.0 994.2 608925.2 6.2 0.47
HC3N 68-67 617987.873 68.0 1023.8 617992.5 6.8 0.34
HC3N 69-68 627055.376 69.0 1053.9 ... ... ... NS, CH3CN ν8=1
HC3N 70-69 636121.979 70.0 1084.5 636126.5 6.9 0.44 CH3CH2CN
HC3N 71-70 645187.670 71.0 1115.4 ... ... ... SO2, CH3CN ν8=1
HC3N 72-71 654252.435 72.0 1146.8 654258.6 6.2 0.43
HC3N 73-72 663316.262 73.0 1178.7 663321.4 6.7 0.41
HC3N 74-73 672379.137 74.0 1210.9 ... ... ... CH3OH
HC3N 75-74 681441.048 75.0 1243.6 681444.4 7.5 0.39
HC3N 76-75 690501.982 76.0 1276.8 ... ... ... H13CN
HC3N 77-76 699561.925 77.0 1310.3 699566.5 7.0 0.30
HC3N 78-77 708620.865 78.0 1344.4 708627.7 6.1 0.19 H213CO
HC3N 79-78 717678.788 79.0 1378.8 ... ... ... HDO
HC3N 80-79 726735.682 80.0 1413.7 ... ... ... U
HC3N 81-80 735791.534 81.0 1449.0 735797.1 6.7 0.19 CH3OH νt=1
HC3N 82-81 744846.330 82.0 1484.7 744859.3 7.9 0.36 34SO2
HC3N 83-82 753900.059 83.0 1520.9 ... ... ... 13CH3OH
HC3N 84-83 762952.706 84.0 1557.5 ... ... ... SO2
HC3N 85-84 772004.259 85.0 1594.6 772010.6 6.5 0.05
HC3N 86-85 781054.705 86.0 1632.1 ... ... ... 33SO2
HC3N 87-86 790104.031 87.0 1670.0 790109.2 7.0 0.17
HC3N 88-87 799152.224 88.0 1708.4 ... ... ... 13CH3OH
HC3N 89-88 808199.271 89.0 1747.1 ... ... ... 13CH3OH
HC3N 90-89 817245.159 90.0 1786.4 ... ... ... SO
HC3N 91-90 826289.875 91.0 1826.0 826292.3 8.1 0.03 CH3OH ν=1
H13CCCN 10-9 88166.793 10.0 23.3 88167.5 6.6 0.39
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Table A.1. continued.
Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
H13CCCN 11-10 96983.001 11.0 27.9 96983.5 7.5 0.65
H13CCCN 12-11 105799.074 12.0 33.0 105799.5 7.8 0.33
H13CCCN 13-12 114615.000 13.0 38.5 114615.5 7.7 0.47
H13CCCN 15-14 132246.363 15.0 50.8 ... ... ... HCOOCH3
H13CCCN 16-15 141061.775 16.0 57.5 141063.9 4.5 0.74 H13COOCH3 νt=1
H13CCCN 17-16 149876.991 17.0 64.7 149877.6 7.8 0.90 CH2CH13CN
H13CCCN 18-17 158692.998 18.0 72.4 ... ... ... HCOOCH3
H13CCCN 19-18 167506.786 19.0 80.4 167508.9 5.2 1.13
H13CCCN 20-19 176321.340 20.0 88.9 176323.9 4.6 1.68 t-CH3CH2OH
H13CCCN 23-22 202763.486 23.0 116.8 202771.1 7.6 2.51 CH3CN ν8=1
H13CCCN 24-23 211576.988 24.0 126.9 211576.1 10.3 1.86 HCOOCH3
H13CCCN 25-24 220390.196 25.0 137.5 ... ... ... 13CO
H13CCCN 26-25 229203.097 26.0 148.5 229206.1 5.1 1.90 CH3oCH3
H13CCCN 27-26 238015.681 27.0 159.9 238017.3 7.0 2.28
H13CCCN 28-27 246827.934 28.0 171.8 246831.1 5.2 1.35
H13CCCN 29-28 255639.844 29.0 184.1 ... ... ... 33SO
H13CCCN 30-29 264451.399 30.0 196.7 264455.1 4.8 1.99 HC3N ν7=1
H13CCCN 55-54 484589.127 55.0 651.4 484591.8 6.9 0.36
H13CCCN 56-55 493387.161 56.0 675.1 493391.8 6.2 0.13 H2S
H13CCCN 57-56 502184.510 57.0 699.2 502187.1 7.5 0.11 13CH3OH
H13CCCN 58-57 510981.162 58.0 723.7 510988.3 4.8 0.18
H13CCCN 59-58 519777.105 59.0 748.7 ... ... ... HCOOCH3
H13CCCN 60-59 528572.326 60.0 774.1 528577.8 5.9 0.13 CH3CH2CN
H13CCCN 61-60 537366.814 61.0 799.8 ... ... ... 13CH3OH
H13CCCN 62-61 546160.555 62.0 826.1 546164.3 7.8 0.37
H13CCCN 63-62 554953.539 63.0 852.7 ... ... ... CH3OH νt=1
H13CCCN 64-63 563745.753 64.0 879.8 563753.9 4.7 0.12
H13CCCN 65-64 572537.184 65.0 907.2 ... ... ... NH3, H213CO
H13CCCN 66-65 581327.820 66.0 935.1 ... ... ... CH3CH2CN
H13CCCN 67-66 590117.650 67.0 963.5 ... ... ... CH3CH2CN, CH3OCH3
H13CCCN 68-67 598906.661 68.0 992.2 ... ... ... 13CH3OH
H13CCCN 69-68 607694.841 69.0 1021.4 607710.6 10.1 0.11 SiO
H13CCCN 70-69 616482.177 70.0 1051.0 ... ... ... SO2
HC13CCN 9-8 81534.110 9.0 19.6 81534.5 7.6 0.18
HC13CCN 10-9 90593.044 10.0 23.9 90593.5 7.5 0.24
HC13CCN 11-10 99651.848 11.0 28.7 99652.5 7.0 0.32
HC13CCN 12-11 108710.510 12.0 33.9 108711.5 6.3 0.44
HC13CCN 15-14 135885.506 15.0 52.2 135886.4 7.0 0.62
HC13CCN 16-15 144943.466 16.0 59.1 144943.9 8.1 0.94 HCOOCH3
HC13CCN 17-16 154001.217 17.0 66.5 154002.6 6.3 0.91
HC13CCN 18-17 163058.748 18.0 74.3 163060.1 6.5 1.05
HC13CCN 19-18 172116.045 19.0 82.6 ... ... ... HC15N
HC13CCN 22-21 199286.437 22.0 110.0 199288.1 6.5 1.48 S18O
HC13CCN 23-22 208342.635 23.0 120.0 208345.6 4.7 2.29 CH2DCN, (CH3)2CO
HC13CCN 24-23 217398.568 24.0 130.4 217401.1 5.5 1.96 13CH3OH
HC13CCN 25-24 226454.189 25.0 141.3 226457.3 4.9 1.81
HC13CCN 26-25 235509.485 26.0 152.6 235512.4 5.3 2.01
HC13CCN 27-26 244564.444 27.0 164.3 244567.4 5.4 1.77
HC13CCN 28-27 253619.051 28.0 176.5 253622.6 4.8 1.92
HC13CCN 29-28 262673.295 29.0 189.1 262674.2 8.0 2.17
HC13CCN 30-29 271727.163 30.0 202.2 271731.4 4.3 2.41 (CH3)2CO
HC13CCN 31-30 280780.640 31.0 215.6 280782.6 6.9 1.38 13CH3OH, SO2
HC13CCN 54-53 488873.236 54.0 645.5 488879.5 11.2 0.32 CH3CH2CN, NH2CHO
HC13CCN 55-54 497913.470 55.0 669.4 497920.2 6.3 0.14 CH3CN ν8=1
HC13CCN 56-55 506952.991 56.0 693.7 506956.2 7.1 0.08
HC13CCN 57-56 515991.784 57.0 718.5 515995.9 6.6 0.13 CH3OCH3
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Table A.1. continued.
Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC13CCN 58-57 525029.838 58.0 743.6 525037.2 4.8 0.11
HC13CCN 59-58 534067.140 59.0 769.3 ... ... ... 34SO2
HC13CCN 60-59 543103.676 60.0 795.3 ... ... ... CH3OH
HC13CCN 61-60 552139.433 61.0 821.8 552146.5 5.2 0.08
HC13CCN 62-61 561174.399 62.0 848.8 561179.8 6.1 0.08
HC13CCN 63-62 570208.560 63.0 876.1 ... ... ... CH3OCH3
HC13CCN 64-63 579241.905 64.0 903.9 579245.3 7.2 0.07
HC13CCN 65-64 588274.419 65.0 932.2 ... ... ... SO
HC13CCN 66-65 597306.090 66.0 960.8 597310.4 6.8 0.06
HCC13CN 9-8 81541.980 9.0 19.6 81542.5 7.1 0.19
HCC13CN 10-9 90601.788 10.0 23.9 90602.5 6.6 0.21
HCC13CN 11-10 99661.467 11.0 28.7 99662.5 5.9 0.28
HCC13CN 12-11 108721.002 12.0 33.9 108721.5 7.6 0.48 CH3CH2CN
HCC13CN 15-14 135898.621 15.0 52.2 135900.1 5.7 0.62
HCC13CN 16-15 144957.445 16.0 59.1 144958.9 6.0 0.68
HCC13CN 17-16 154016.080 17.0 66.5 154017.6 6.0 0.92
HCC13CN 18-17 163074.484 18.0 74.4 163076.4 5.5 1.19 13CH3OH
HCC13CN 19-18 172132.655 19.0 82.6 172133.9 6.8 1.45
HCC13CN 22-21 199305.633 22.0 110.0 199305.7 8.9 1.53 CH3CH2C
HCC13CN 23-22 208362.738 23.0 120.0 ... ... ... CH3CH2CN ν13/ν21
CH2DCN
HCC13CN 24-23 217419.544 24.0 130.4 217422.4 5.1 1.56
HCC13CN 25-24 226476.038 25.0 141.3 226478.6 5.6 2.00
HCC13CN 26-25 235532.207 26.0 152.6 235534.9 5.6 1.99
HCC13CN 27-26 244588.039 27.0 164.4 244590.2 6.4 2.73 HCOOCH3,
HCC13CN 28-27 253643.519 28.0 176.5 253646.4 5.6 1.98
HCC13CN 29-28 262698.635 29.0 189.1 262700.6 6.8 2.56 HCOOCH3
CH3CH2CN ν13/ν21
HCC13CN 30-29 271753.375 30.0 202.2 271758.9 2.9 2.79 HCOOCH3
HCC13CN 31-30 280807.725 31.0 215.7 ... ... ... SO2
HCC13CN 54-53 488920.321 54.0 645.5 488929.6 3.3 0.10
HCC13CN 55-54 497961.422 55.0 669.4 ... ... ... HCOOCH3
HCC13CN 56-55 507001.808 56.0 693.8 507005.7 6.7 0.09
HCC13CN 57-56 516041.468 57.0 718.5 ... ... ... HCOOCH3, CH3CN ν8=1
HCC13CN 58-57 525080.387 58.0 743.7 ... ... ... CH3OH
HCC13CN 59-58 534118.553 59.0 769.4 ... ... ... HCOOCH3, SO
HCC13CN 60-59 543155.954 60.0 795.4 543117.7 11.2 0.22
HCC13CN 61-60 552192.576 61.0 821.9 ... ... ... CH3OH νt=1
HCC13CN 62-61 561228.406 62.0 848.9 ... ... ... CH3OH
HCC13CN 63-62 570263.431 63.0 876.2 ... ... ... CH3OH
HCC13CN 64-63 579297.638 64.0 904.0 579303.3 6.1 0.07 HCOOCH3
HCC13CN 65-64 588331.015 65.0 932.3 ... ... ... 34SO2
HCC13CN 66-65 597363.549 66.0 960.9 597369.9 5.8 0.06
HCC13CN 67-66 606395.226 67.0 990.0 ... ... ... CH3CN
HCC13CN 68-67 615426.033 68.0 1019.6 ... ... ... HCOOCH3
HCC13CN 69-68 624455.958 69.0 1049.6 ... ... ... CH3CH2CN
HCC13CN 70-69 633484.988 70.0 1080.0 633488.5 7.3 0.04
HC3N ν7 9−1-8−1 82082.779 8.89 339.7 82083.5 6.4 0.79
HC3N ν7 91-81 82200.427 8.89 339.7 82201.5 5.1 0.80
HC3N ν7 10−1-9−1 91202.662 9.90 344.1 91203.5 6.2 1.10
HC3N ν7 101-91 91333.370 9.90 344.1 91334.5 5.3 1.10
HC3N ν7 11−1-10−1 100322.411 10.90 348.9 100323.5 5.7 1.58
HC3N ν7 111-101 100466.174 10.90 348.9 100466.5 8.0 1.74
HC3N ν7 12−1-11−1 109442.011 11.90 354.2 109443.5 4.9 2.06
HC3N ν7 121-111 109598.823 11.90 354.2 109600.5 4.4 2.00
HC3N ν7 15−1-14−1 136799.793 14.90 372.5 136801.4 5.5 4.02
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Table A.1. continued.
Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC3N ν7 151-141 136995.733 14.90 372.6 136997.6 4.9 3.18
HC3N ν7 16−1-15−1 145918.668 15.90 379.5 145920.1 6.1 3.65
HC3N ν7 161-151 146127.638 15.90 379.6 146128.9 6.4 2.82
HC3N ν7 17−1-16−1 155037.328 16.90 387.0 155038.9 6.0 4.61
HC3N ν7 171-161 155259.323 16.90 387.1 155261.4 5.0 5.37
HC3N ν7 18−1-17−1 164155.760 17.90 394.9 164157.6 5.6 3.54
HC3N ν7 181-171 164390.772 17.90 395.0 164392.6 5.7 3.92
HC3N ν7 19−1-18−1 173273.950 18.90 403.2 173276.4 4.8 6.12
HC3N ν7 191-181 173521.972 18.90 403.3 173522.6 7.9 7.03
HC3N ν7 22−1-21−1 200626.933 22.00 430.8 200629.9 4.6 6.30
HC3N ν7 221-211 200913.941 22.00 430.9 200916.1 5.8 4.22
HC3N ν7 23−1-22−1 209744.021 23.00 440.8 209747.4 4.2 8.39
HC3N ν7 231-221 210044.008 23.00 441.0 210047.4 4.2 8.09
HC3N ν7 24−1-23−1 218860.800 24.00 451.3 218863.6 5.2 7.28
HC3N ν7 241-231 219173.757 24.00 451.5 219176.1 5.8 7.40
HC3N ν7 25−1-24−1 227977.256 25.00 462.3 227979.9 5.5 9.29
HC3N ν7 251-241 228303.174 25.00 462.5 228306.1 5.2 7.23
HC3N ν7 26−1-25−1 237093.376 26.00 473.6 237096.1 5.6 8.13
HC3N ν7 261-251 237432.245 26.00 473.9 237434.9 5.6 8.43
HC3N ν7 27−1-26−1 246209.147 27.00 485.5 246212.4 5.0 8.88
HC3N ν7 271-261 246560.957 27.00 485.7 246563.6 5.8 10.81 33SO2
HC3N ν7 28−1-27−1 255324.556 28.00 497.7 255327.6 5.4 9.04
HC3N ν7 281-271 255689.295 28.00 498.0 255692.6 5.1 8.66
HC3N ν7 29−1-28−1 264439.588 29.00 510.4 264442.6 5.6 8.93
HC3N ν7 291-281 264817.247 29.00 510.7 264820.1 5.8 8.59
HC3N ν7 30−1-29−1 273554.230 30.00 523.5 273557.6 5.3 8.88
HC3N ν7 301-291 273944.798 30.00 523.8 273948.9 4.5 9.21
HC3N ν7 53−1-52−1 483052.632 53.00 946.2 483058.0 5.7 0.31
HC3N ν7 531-521 483736.172 53.00 947.1 483743.5 4.5 0.35 CH3OH
HC3N ν7 54−1-53−1 492153.902 54.00 969.8 ... ... ... HCOOCH3
HC3N ν7 541-531 492849.974 54.00 970.7 492856.3 5.2 0.37
HC3N ν7 55−1-54−1 501254.448 55.00 993.9 501261.0 5.1 0.31
HC3N ν7 551-541 501963.032 55.00 994.8 501967.6 6.3 0.28
HC3N ν7 56−1-55−1 510354.256 56.00 1018.4 ... ... ... HCOOCH3, CH3OH
HC3N ν7 561-551 511075.331 56.00 1019.4 ... ... ... SO2
HC3N ν7 57−1-56−1 519453.312 57.00 1043.3 519459.5 5.4 0.29 13CH3OH
HC3N ν7 571-561 520186.858 57.00 1044.3 ... ... ... CH3OH
HC3N ν7 58−1-57−1 528551.604 58.00 1068.7 528555.9 6.6 0.40
HC3N ν7 581-571 529297.600 58.00 1069.7 ... ... ... SO2
HC3N ν7 59−1-58−1 537649.118 59.00 1094.5 537653.1 6.8 0.27
HC3N ν7 591-581 538407.542 59.00 1095.6 538412.6 6.2 0.25
HC3N ν7 60−1-59−1 546745.840 60.00 1120.7 546752.4 5.4 0.29 (CH3)2CO
HC3N ν7 601-591 547516.671 60.00 1121.8 547522.9 5.6 0.48
HC3N ν7 61−1-60−1 555841.758 61.00 1147.4 555848.6 5.3 0.32
HC3N ν7 611-601 556624.974 61.00 1148.6 556631.2 5.6 0.36
HC3N ν7 62−1-61−1 564936.857 62.00 1174.5 564942.9 5.8 0.24
HC3N ν7 621-611 565732.436 62.00 1175.7 565738.9 5.6 0.36
HC3N ν7 63−1-62−1 574031.126 63.00 1202.0 574038.2 5.3 0.25
HC3N ν7 631-621 574839.045 63.00 1203.3 ... ... ... SO2
HC3N ν7 64−1-63−1 583124.549 64.00 1230.0 ... ... ... HCOOCH3
HC3N ν7 641-631 583944.785 64.00 1231.3 ... ... ... HCOOCH3
HC3N ν7 65−1-64−1 592217.114 65.00 1258.5 592223.2 5.9 0.24
HC3N ν7 651-641 593049.645 65.00 1259.8 593054.3 6.6 0.29
HC3N ν7 66−1-65−1 601308.809 66.00 1287.3 ... ... ... SO
HC3N ν7 661-651 602153.609 66.00 1288.7 602159.5 6.1 0.20
HC3N ν7 67−1-66−1 610399.618 67.00 1316.6 610405.3 6.2 0.17
HC3N ν7 671-661 611256.665 67.00 1318.0 ... ... ... CH3CHO, CCH
HC3N ν7 68−1-67−1 619489.529 68.00 1346.3 ... ... ... 33SO2
HC3N ν7 681-671 620358.799 68.00 1347.8 ... ... ... HCN
23
G. B. Esplugues et al.: Study of cyano(di)acetylene in Orion KL: detection of DC3N
Table A.1. continued.
Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC3N ν7 69−1-68−1 628578.528 69.00 1376.5 628586.8 5.1 0.25
HC3N ν7 691-681 629459.996 69.00 1378.0 629464.8 6.7 0.20
HC3N ν7 70−1-69−1 637666.603 70.00 1407.1 637672.1 6.4 0.16 13CH3OH
HC3N ν7 701-691 638560.245 70.00 1408.7 638566.6 6.0 0.19
HC3N ν7 71−1-70−1 646753.740 71.00 1438.2 ... ... ... HCOOCH3 νt=1
HC3N ν7 711-701 647659.530 71.00 1439.7 ... ... ... CH3OH νt=2
HC3N ν7 72−1-71−1 655839.926 72.00 1469.6 655845.6 6.4 0.16
HC3N ν7 721-711 656757.839 72.00 1471.3 ... ... ... SO2
HC3N ν7 73−1-72−1 664925.147 73.00 1501.5 ... ... ... HCOOCH3 νt=1
HC3N ν7 731-721 665855.157 73.00 1503.2 665862.4 6.1 0.14 CH3CCH
HC3N ν7 74−1-73−1 674009.389 74.00 1533.9 ... ... ... C17O
HC3N ν7 741-731 674951.472 74.00 1535.6 ... ... ... CH3OH
HC3N ν7 75−1-74−1 683092.641 75.00 1566.7 683099.5 6.0 0.12 HCOOCH3
HC3N ν7 751-741 684046.769 75.00 1568.4 684060.1 6.5 0.18 CH2CHCN, CH3OH νt=1
HC3N ν7 76−1-75−1 692174.888 76.00 1599.9 ... ... ... CH3CH2CN
HC3N ν7 761-751 693141.035 76.00 1601.7 693149.3 5.4 0.10
HC3N ν7 77−1-76−1 701256.117 77.00 1633.6 701262.5 6.3 0.15
HC3N ν7 771-761 702234.256 77.00 1635.4 ... ... ... SO2
H13CCCN ν7 10−1-9−1 88386.298 9.90 342.9 88388.5 1.5 0.04 13CH3OH
H13CCCN ν7 101-91 88509.837 9.90 343.0 ... ... ... CH3CH2CN ν13/ν21
H13CCCN ν7 11−1-10−1 97224.442 10.90 347.6 97227.5 -0.4 0.04 CH3CH213CN
H13CCCN ν7 111-101 97360.321 10.90 347.6 97361.5 5.4 0.05
H13CCCN ν7 12−1-11−1 106062.447 11.90 352.7 106063.5 6.0 0.06
H13CCCN ν7 121-111 106210.663 11.90 352.7 106211.5 6.6 0.06
H13CCCN ν7 13−1-12−1 114900.301 12.90 358.2 ... ... ... CH3OH
H13CCCN ν7 131-121 115060.849 12.90 358.2 115061.5 7.3 0.09
H13CCCN ν7 15−1-14−1 132575.504 14.90 370.5 132576.4 6.9 0.12 (CH3)2CO
H13CCCN ν7 151-141 132760.703 14.90 370.6 132761.5 7.1 0.25 SO2
H13CCCN ν7 16−1-15−1 141412.828 15.90 377.3 141415.0 4.3 0.13 SO
H13CCCN ν7 161-151 141610.344 15.90 377.4 141611.5 6.6 0.28 H13COOCH3
H13CCCN ν7 17−1-16−1 150249.778 16.90 384.5 150249.9 8.7 0.19 (CH3)2CO
H13CCCN ν7 171-161 150459.778 16.90 384.6 150461.4 5.8 0.15
H13CCCN ν7 18−1-17−1 159086.858 17.90 392.1 159088.9 5.0 0.19
H13CCCN ν7 181-171 159308.992 17.90 392.2 159309.0 5.2 0.16 DCOOCH3
H13CCCN ν7 19−1-18−1 167923.539 18.90 400.2 ... ... ... CH3OH
H13CCCN ν7 191-181 168157.973 18.90 400.3 ... ... ... 13CH3OH
H13CCCN ν7 20−1-19−1 176759.980 19.90 408.7 ... ... ... SO18O, (CH3)2CO
H13CCCN ν7 201-191 177006.707 19.90 408.8 ... ... ... HCOOCH3
H13CCCN ν7 23−1-22−1 203267.739 23.00 436.7 203268.0 8.5 0.47 33SO2
H13CCCN ν7 231-221 203551.302 23.00 436.8 203555.6 2.6 0.36 U
H13CCCN ν7 24−1-23−1 212103.095 24.00 446.8 212105.8 5.1 0.27 NH2CHO ν12=1
H13CCCN ν7 241-231 212398.920 24.00 447.0 212401.1 4.9 0.40 CH3CHO
H13CCCN ν7 25−1-24−1 220938.149 25.00 457.5 220939.8 6.8 0.23
H13CCCN ν7 251-241 221246.229 25.00 457.6 221247.4 7.5 0.58 (CH3)2CO
H13CCCN ν7 26−1-25−1 229772.887 26.00 468.5 ... ... ... CH3OH
H13CCCN ν7 261-251 230093.213 26.00 468.7 230096.1 5.2 0.65 CH2CHCN ν15=1
H13CCCN ν7 27−1-26−1 238607.297 27.00 479.9 238609.8 5.9 0.21
H13CCCN ν7 271-261 238939.861 27.00 480.2 ... ... ... CH313CN
H13CCCN ν7 28−1-27−1 247441.367 28.00 491.8 ... ... ... 34SO2
H13CCCN ν7 281-271 247786.158 28.00 492.0 247787.4 7.5 0.25
H13CCCN ν7 29−1-28−1 256275.084 29.00 504.1 256277.6 6.0 0.75 SO2
H13CCCN ν7 291-281 256632.092 29.00 504.4 256635.4 5.1 0.23 (CH3)2CO
H13CCCN ν7 30−1-29−1 265108.436 30.00 516.8 265110.1 8.6 0.35
H13CCCN ν7 301-291 265477.651 30.00 517.1 ... ... ... SO2
H13CCCN ν7 31−1-30−1 273941.409 31.00 530.0 ... ... ... HC3N ν7=1
H13CCCN ν7 311-301 274322.821 31.00 530.3 274323.9 7.8 0.37
HC13CCN ν7 9−1-8−1 81727.29 8.89 339.6 81728.5 4.6 0.03
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Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC13CCN ν7 91-81 81845.61 8.89 339.7 81846.5 5.7 0.03
HC13CCN ν7 10−1-9−1 90807.67 9.90 344.0 90809.5 3.0 0.03
HC13CCN ν7 101-91 90939.13 9.90 344.0 ... ... ... CH3OCH3
HC13CCN ν7 11−1-10−1 99887.93 10.90 348.8 99888.5 7.3 0.06 H13COOCH3
HC13CCN ν7 111-101 100032.51 10.90 348.8 ... ... ... SO
HC13CCN ν7 12−1-11−1 108968.03 11.90 354.0 108970.5 2.2 0.03
HC13CCN ν7 121-111 109125.74 11.90 354.1 109127.5 4.2 0.04
HC13CCN ν7 15−1-14−1 136207.34 14.90 372.3 136208.9 5.6 0.07
HC13CCN ν7 151-141 136404.40 14.90 372.4 136406.4 4.6 0.06
HC13CCN ν7 16−1-15−1 145286.73 15.90 379.3 145287.6 7.2 0.13
HC13CCN ν7 161-151 145496.89 15.90 379.4 145498.9 4.9 0.12
HC13CCN ν7 17−1-16−1 154365.90 16.90 386.7 154367.6 5.7 0.14
HC13CCN ν7 171-161 154589.16 16.90 386.8 154591.4 4.7 0.21
HC13CCN ν7 18−1-17−1 163444.84 17.90 394.5 163446.4 6.1 0.26
HC13CCN ν7 181-171 163681.19 17.90 394.6 ... ... ... CH3CH2CN, SO2 ν2=1
HC13CCN ν7 19−1-18−1 172523.55 18.90 402.8 172523.5 9.1 0.39 HCOOCH3 ν=1
HC13CCN ν7 191-181 172772.98 18.90 402.9 172773.1 8.7 0.30 CH3CH2CN
HC13CCN ν7 22−1-21−1 199758.09 22.00 430.3 ... ... ... SO2 ν2=1, HCOOCH3
HC13CCN ν7 221-211 200046.73 22.00 430.4 200048.1 6.9 0.23
HC13CCN ν7 23−1-22−1 208835.70 23.00 440.3 208836.9 7.3 0.13
HC13CCN ν7 231-221 209137.40 23.00 440.5 ... ... ... Ns
HC13CCN ν7 24−1-23−1 217913.00 24.00 450.8 217914.8 6.5 0.26
HC13CCN ν7 241-231 218227.74 24.00 450.9 ... ... ... H2CO
HC13CCN ν7 25−1-24−1 226989.98 25.00 461.7 ... ... ... CH3CH2CN ν13/ν21
HC13CCN ν7 251-241 227317.76 25.00 461.9 ... ... ... CH3CH213CN, SO2
HC13CCN ν7 26−1-25−1 236066.63 26.00 473.0 ... ... ... 13CH3OH
HC13CCN ν7 261-251 236407.44 26.00 473.2 ... ... ... CH3CH2CN ν13/ν21
HC13CCN ν7 27−1-26−1 245142.93 27.00 484.7 ... ... ... CH3OD
HC13CCN ν7 271-261 245496.75 27.00 485.0 ... ... ... HCOOCH3
HC13CCN ν7 28−1-27−1 254218.87 28.00 496.9 ... ... ... 30SiO
HC13CCN ν7 281-271 254585.70 28.00 497.2 ... ... ... SO
HC13CCN ν7 29−1-28−1 263294.44 29.00 509.6 ... ... ... c-C2H4O, CH3OCH3
HC13CCN ν7 291-281 263674.26 29.00 509.9 ... ... ... HNCO
HC13CCN ν7 30−1-29−1 272369.62 30.00 522.7 272372.7 5.6 0.56 CH313CH2CN
HC13CCN ν7 301-291 272762.43 30.00 522.9 272765.5 5.6 0.66
HCC13CN ν7 9−1-8−1 81738.62 8.89 339.6 81739.5 5.8 0.03
HCC13CN ν7 91-81 81856.08 8.89 339.7 81857.5 3.8 0.04 (CH3)2CO
HCC13CN ν7 10−1-9−1 90820.26 9.90 344.0 90821.5 4.9 0.04
HCC13CN ν7 101-91 90950.76 9.90 344.0 90951.5 6.6 0.04
HCC13CN ν7 11−1-10−1 99901.77 10.90 348.8 99902.5 6.8 0.06
HCC13CN ν7 111-101 100045.31 10.90 348.8 100046.2 5.4 0.07
HCC13CN ν7 12−1-11−1 108983.14 11.90 354.0 108984.1 5.3 0.04
HCC13CN ν7 121-111 109139.71 11.90 354.1 ... ... ... CH3OH
HCC13CN ν7 15−1-14−1 136226.21 14.90 372.3 136227.5 5.9 0.08
HCC13CN ν7 151-141 136421.85 14.90 372.4 136422.4 7.4 0.10
HCC13CN ν7 16−1-15−1 145306.86 15.90 379.3 ... ... ... CH3CH2CN ν13/ν21
HCC13CN ν7 161-151 145515.50 15.90 379.4 145516.5 6.9 0.23 CH3CH2CN ν20=1
HCC13CN ν7 17−1-16−1 154387.28 16.90 386.7 154388.8 6.1 0.21
HCC13CN ν7 171-161 154608.93 16.90 386.8 154611.5 4.0 0.26 13CH3CH2CN, SO17O
HCC13CN ν7 18−1-17−1 163467.49 17.90 394.6 163468.5 6.4 0.22 HCOOCH3
HCC13CN ν7 181-171 163702.13 17.90 394.7 163704.5 4.7 0.35 H13COOCH3
HCC13CN ν7 19−1-18−1 172547.45 18.90 402.8 172549.4 5.7 0.41
HCC13CN ν7 191-181 172795.09 18.90 403.0 ... ... ... HCOOCH3
HCC13CN ν7 22−1-21−1 199785.75 22.00 430.3 199789.0 4.1 0.63 CH2CHCN ν15=1
HCC13CN ν7 221-211 200072.32 22.00 430.4 200074.9 5.0 0.13
HCC13CN ν7 23−1-22−1 208864.62 23.00 440.3 208866.8 5.7 0.24
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Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HCC13CN ν7 231-221 209164.14 23.00 440.5 ... ... ... CH2CHCN
HCC13CN ν7 24−1-23−1 217943.17 24.00 450.8 217943.6 8.4 0.33 CH3CH2CN ν13/ν21
HCC13CN ν7 241-231 218255.65 24.00 451.0 218257.3 6.6 0.53 HCOOCH3
HCC13CN ν7 25−1-24−1 227021.41 25.00 461.7 ... ... ... HCOOCH3
HCC13CN ν7 251-241 227346.83 25.00 461.9 227350.0 4.8 0.61 13CH3CH2CN, CH3OCH3
HCC13CN ν7 26−1-25−1 236099.31 26.00 473.0 236101.3 6.7 0.25
HCC13CN ν7 261-251 236437.66 26.00 473.2 ... ... ... H2C34S
HCC13CN ν7 27−1-26−1 245176.87 27.00 484.8 ... ... ... 34SO2
HCC13CN ν7 271-261 245528.14 27.00 485.0 ... ... ... HCOOCH3
HCC13CN ν7 28−1-27−1 254254.06 28.00 497.0 ... ... ... SO2
HCC13CN ν7 281-271 254618.24 28.00 497.2 254621.4 5.4 0.31
HCC13CN ν7 29−1-28−1 263330.88 29.00 509.6 263331.0 8.5 0.40 (CH3)2CO
HCC13CN ν7 291-281 263707.97 29.00 509.9 263710.1 6.6 0.49 HCOOCH3
HCC13CN ν7 30−1-29−1 272407.32 30.00 522.7 272411.1 4.8 0.84
HCC13CN ν7 301-291 272797.29 30.00 523.0 272801.9 4.6 0.39
HC3N 2ν7 90-80 82399.858 9.00 662.4 82401.5 3.0 0.24
HC3N 2ν7 9−2-8−2 82400.813 8.56 665.7 ... ... ... previous line
HC3N 2ν7 92-82 82402.631 8.56 665.7 82402.5 9.5 0.20
HC3N 2ν7 100-90 91554.468 10.00 666.8 ... ... ... CH3CH2CN
HC3N 2ν7 10−2-9−2 91556.008 9.60 670.1 ... ... ... CH3CH2CN
HC3N 2ν7 102-92 91558.507 9.60 670.1 91558.5 9.0 0.23 CH3CH2CN
HC3N 2ν7 110-100 100708.785 11.00 671.7 100709.5 6.9 0.27
HC3N 2ν7 11−2-10−2 100711.061 10.60 674.9 100711.5 7.7 0.33
HC3N 2ν7 112-102 100714.392 10.60 674.9 100715.5 5.7 0.30
HC3N 2ν7 120-110 109862.779 12.00 676.9 109864.5 4.3 0.39
HC3N 2ν7 12−2-11−2 109865.957 11.70 680.2 109867.5 4.8 0.43
HC3N 2ν7 122-112 109870.286 11.70 680.2 109870.5 8.4 0.30 HNCO
HC3N 2ν7 150-140 137322.537 15.00 695.4 137325.1 3.4 0.83 CH3CH2CN
HC3N 2ν7 15−2-14−2 137329.564 14.70 698.7 137331.4 5.0 0.80
HC3N 2ν7 152-142 137338.032 14.70 698.7 137340.1 4.5 0.70
HC3N 2ν7 160-150 146474.951 16.00 702.4 146476.4 6.0 0.51
HC3N 2ν7 16−2-15−2 146483.692 15.80 705.7 146485.1 6.1 0.50
HC3N 2ν7 162-152 146493.969 15.80 705.7 146496.4 4.0 0.43
HC3N 2ν7 170-160 155626.900 17.00 709.9 155628.9 5.1 0.99
HC3N 2ν7 17−2-16−2 155637.592 16.80 713.2 155638.9 6.5 0.92
HC3N 2ν7 172-162 155649.918 16.80 713.2 155653.9 1.3 1.57 HCOOCH3
HC3N 2ν7 180-170 164778.352 18.00 717.8 164781.4 3.5 0.89
HC3N 2ν7 18−2-17−2 164791.250 17.80 721.1 164792.6 6.5 0.71
HC3N 2ν7 182-172 164805.877 17.80 721.1 164807.6 5.9 0.77
HC3N 2ν7 190-180 173929.282 19.00 726.2 173931.4 5.3 1.30
HC3N 2ν7 19−2-18−2 173944.651 18.80 729.4 173946.4 6.0 1.38
HC3N 2ν7 192-182 173961.848 18.80 729.4 173963.9 5.5 1.50
HC3N 2ν7 220-210 201378.653 22.00 753.8 ... ... ... 34SO2
HC3N 2ν7 22−2-21−2 201403.178 21.80 757.1 ... ... ... CH2CH13CN
HC3N 2ν7 222-212 201429.821 21.80 757.1 201432.3 5.3 1.18
HC3N 2ν7 230-220 210527.214 23.00 763.9 210529.9 5.2 2.85 t-CH3CH2OH
HC3N 2ν7 23−2-22−2 210555.413 22.80 767.2 210557.4 6.2 2.33 (CH3)2CO
HC3N 2ν7 232-222 210585.828 22.80 767.2 210588.6 5.1 2.22 HCOOCH3
HC3N 2ν7 240-230 219675.116 24.00 774.5 219677.3 6.0 1.93
HC3N 2ν7 24−2-23−2 219707.321 23.80 777.8 219709.9 5.5 2.14 HCOOCH3 νt=1
HC3N 2ν7 242-232 219741.840 23.80 777.8 219743.6 6.6 2.25 HNCO
HC3N 2ν7 250-240 228822.332 25.00 785.5 228824.9 5.6 2.02
HC3N 2ν7 25−2-24−2 228858.887 24.80 788.7 228861.1 6.1 2.24 CHCHCN ν11=1
HC3N 2ν7 252-242 228897.854 24.80 788.8 228901.1 4.7 2.34 SO18O
HC3N 2ν7 260-250 237968.837 26.00 796.9 237971.1 6.1 1.99
HC3N 2ν7 26−2-25−2 238010.098 25.80 800.2 238013.5 4.8 1.18 CH3OCH3
HC3N 2ν7 262-252 238053.868 25.80 800.2 238056.1 6.2 1.42
HC3N 2ν7 270-260 247114.607 27.00 808.7 247117.4 5.6 2.35
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Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC3N 2ν7 27−2-26−2 247160.939 26.90 812.0 ... ... ... CH3OH
HC3N 2ν7 272-262 247209.878 26.90 812.0 247213.6 4.5 2.19
HC3N 2ν7 280-270 256259.617 28.00 821.0 ... ... ... SO2
HC3N 2ν7 28−2-27−2 256311.396 27.90 824.3 256316.3 3.3 4.46 CH3CCH
HC3N 2ν7 282-272 256365.880 27.90 824.4 256368.8 5.6 1.93
HC3N 2ν7 290-280 265403.844 29.00 833.8 265406.3 6.2 2.31
HC3N 2ν7 29−2-28−2 265461.455 28.90 837.1 265465.1 4.9 2.32 SO2
HC3N 2ν7 292-282 265521.869 28.90 837.1 265525.1 5.4 1.71
HC3N 2ν7 300-290 274547.265 30.00 847.0 274550.1 5.9 3.82 HCOOCH3
HC3N 2ν7 30−2-29−2 274611.102 29.90 850.3 274613.8 6.1 2.49
HC3N 2ν7 302-292 274677.839 29.90 850.3 274681.3 5.2 2.43
HC3N 2ν7 530-520 484586.736 53.00 1271.0 484591.8 5.7 0.33
HC3N 2ν7 53−2-52−2 484906.554 52.90 1274.5 484911.5 5.9 0.15
HC3N 2ν7 532-522 485231.596 52.90 1274.8 485236.22 8.8 0.38 CH3OH
HC3N 2ν7 540-530 493706.766 54.00 1294.7 ... ... ... CH2CHCN, HCOOCH3
HC3N 2ν7 54−2-53−2 494042.054 53.90 1298.2 494047.3 5.8 0.12
HC3N 2ν7 542-532 494382.671 53.90 1298.5 ... ... ... t-CH3, CH2OH
HC3N 2ν7 550-540 502825.773 55.00 1318.9 502833.1 4.6 0.14
HC3N 2ν7 55−2-54−2 503176.789 54.90 1322.4 503181.6 6.1 0.11
HC3N 2ν7 552-542 503533.237 54.90 1322.7 503544.8 10.7 0.21 HNCO
HC3N 2ν7 560-550 511943.761 56.00 1343.4 ... ... ... CH3OH
HC3N 2ν7 56−2-55−2 512310.743 55.90 1347.0 512315.7 5.5 0.19
HC3N 2ν7 562-552 512683.264 55.90 1347.3 512689.3 5.5 0.12
HC3N 2ν7 570-560 521060.733 57.00 1368.4 521066.1 5.9 0.15 CH2CHCN
HC3N 2ν7 57−2-56−2 521443.904 56.90 1372.0 521449.9 5.7 0.22
HC3N 2ν7 572-562 521832.718 56.90 1372.3 521837.1 6.5 0.11
HC3N 2ν7 580-570 530176.692 58.00 1393.9 ... ... ... CH3OH
HC3N 2ν7 58−2-57−2 530576.256 57.90 1397.5 ... ... ... CH3OH νt=1
HC3N 2ν7 582-572 530981.569 57.90 1397.8 530986.9 6.0 0.10
HC3N 2ν7 590-580 539291.643 59.00 1419.8 ... ... ... CH3OH
HC3N 2ν7 59−2-58−2 539707.787 58.90 1423.4 539702.2 7.1 0.16
HC3N 2ν7 592-582 540129.784 58.90 1423.7 540133.2 7.1 0.14 CH3CH2CN
HC3N 2ν7 600-590 548405.590 60.00 1446.1 ... ... ... 34SO
HC3N 2ν7 60−2-59−2 548838.480 59.90 1449.7 ... ... ... C18O
HC3N 2ν7 602-592 549277.331 59.90 1450.1 ... ... ... SO2
HC3N 2ν7 610-600 557518.536 61.00 1472.8 557523.7 6.2 0.14 (CH3)2CO
HC3N 2ν7 61−2-60−2 557968.324 60.90 1476.5 ... ... ... CH3OH ν=1
HC3N 2ν7 612-602 558424.179 60.90 1476.9 ... ... ... SO2, CH3OH
HC3N 2ν7 620-610 566630.485 62.00 1500.0 ... ... ... CH3OCH3
HC3N 2ν7 62−2-61−2 567097.303 61.90 1503.7 ... ... ... SH2, NO
HC3N 2ν7 622-612 567570.295 61.90 1504.1 ... ... ... SO2
HC3N 2ν7 630-620 575741.441 63.00 1527.7 575749.2 7.2 0.24
HC3N 2ν7 63−2-62−2 576225.404 62.90 1531.4 ... ... ... CO
HC3N 2ν7 632-622 576715.649 62.90 1531.8 ... ... ... H2CO
HC3N 2ν7 640-630 584851.405 64.00 1555.7 ... ... ... CH3OH
HC3N 2ν7 64−2-63−2 585352.613 63.90 1559.5 ... ... ... HCOOCH3 νt=1
HC3N 2ν7 642-632 585860.209 63.90 1584.3 585864.5 6.8 0.08
HC3N 2ν7 650-640 593960.380 65.00 1584.3 ... ... ... SO2
HC3N 2ν7 65−2-64−2 594478.915 64.90 1588.0 594484.8 6.0 0.08 HCOOCH3
HC3N 2ν7 652-642 595003.946 64.90 1588.5 595007.8 7.1 0.08 SO2, HCOOCH3
HC3N 2ν7 660-650 603068.369 66.00 1613.2 ... ... ... SO
HC3N 2ν7 66−2-65−2 603604.296 65.90 1617.0 ... ... ... HCOOCH3
HC3N 2ν7 662-652 604146.829 66.90 1646.9 604151.6 6.6 0.09 HCOOCH3
HC3N 2ν7 670-660 612175.373 67.00 1642.6 612179.8 6.8 0.08 13CH3OH
HC3N 2ν7 67−2-66−2 612728.744 66.90 1646.4 612734.3 6.3 0.11 CH3OH
HC3N 2ν7 672-662 613288.829 66.90 1646.9 ... ... ... 13CH3OH
HC3N 2ν7 680-670 621281.391 68.00 1672.4 621288.1 5.8 0.08
HC3N 2ν7 68−2-67−2 621852.243 67.90 1676.2 621857.1 6.7 0.08
HC3N 2ν7 682-672 622429.917 67.90 1676.8 ... ... ... CH3OCH3
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Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC3N 2ν7 690-680 630386.425 69.00 1702.6 ... ... ... OS18O
HC3N 2ν7 69−2-68−2 630974.779 68.90 1706.5 ... ... ... CH3OH
HC3N 2ν7 692-682 631570.065 68.90 1707.1 ... ... ... H213CO
HC3N 2ν7 700-690 639490.474 70.00 1733.3 ... ... ... 34SO2
HC3N 2ν7 70−2-69−2 640096.339 69.90 1737.2 ... ... ... CH3OCH3
HC3N 2ν7 702-692 640709.246 69.90 1737.8 ... ... ... H2C34S
HC3N 2ν7 710700 648593.537 71.00 1764.5 ... ... ... CH313CH2CN
HC3N 2ν7 71−2-70−2 649216.908 70.90 1768.4 ... ... ... HCOOCH3
HC3N 2ν7 712-702 649847.433 70.90 1769.0 ... ... ... (CH3)2CO
HC3N 2ν7 720710 657695.610 72.00 1796.0 ... ... ... H213CO
HC3N 2ν7 72−2-71−2 658336.474 71.90 1800.0 658343.2 5.9 0.06 H213CO
HC3N 3ν7 91-8−1 82539.601 8.89 974.7 ... ... ... CH3OCH3
HC3N 3ν7 93-8−3 82659.697 8.00 981.2 82660.5 6.1 0.06
HC3N 3ν7 9−3-83 82659.705 8.00 981.2 ... ... ... previous line
HC3N 3ν7 9−1-81 82776.269 8.00 974.7 ... ... <0.02
HC3N 3ν7 10−1-91 91710.180 9.90 979.1 91711.5 4.7 0.04
HC3N 3ν7 10−3-93 91843.832 9.10 985.6 91845.5 3.6 0.06
HC3N 3ν7 103-9−3 91843.832 9.10 985.6 ... ... ... previous line
HC3N 3ν7 101-9−1 91973.182 9.90 979.2 ... ... ... CH3CN
HC3N 3ν7 111-10−1 100880.589 10.90 983.9 ... ... ... SO2
HC3N 3ν7 113-10−3 101027.849 10.20 990.4 101028.5 7.1 0.15
HC3N 3ν7 11−3-103 101027.871 10.20 990.4 ... ... ... previous line
HC3N 3ν7 11−1-101 101169.921 10.90 984.0 101170.5 7.3 0.11
HC3N 3ν7 12−1-111 110050.804 11.90 989.2 ... ... ... HCOOCH3 ν=1
HC3N 3ν7 12−3-113 110211.796 11.30 995.7 ... ... ... 13CO
HC3N 3ν7 123-11−3 110211.796 11.30 995.7 ... ... ... previous line
HC3N 3ν7 121-11−1 110366.474 11.90 989.3 ... ... ... CH3CN
HC3N 3ν7 151-14−1 137560.061 14.90 1007.7 137561.4 6.1 0.23
HC3N 3ν7 153-14−3 137762.907 14.40 1014.2 137765.1 4.2 0.29
HC3N 3ν7 15−3-143 137762.907 14.40 1014.2 ... ... ... previous line
HC3N 3ν7 15−1-141 137954.591 14.90 1007.8 137956.4 5.1 0.18
HC3N 3ν7 16−1-151 146729.266 15.90 1014.7 146730.1 7.3 0.13
HC3N 3ν7 16−3-153 146946.354 15.40 1021.3 146947.6 6.5 0.31
HC3N 3ν7 163-15−3 146946.354 15.40 1021.3 ... ... ... previous line
HC3N 3ν7 161-15−1 147150.064 15.90 1014.9 ... ... ... CH3CN
HC3N 3ν7 171-16−1 155898.166 16.90 1022.2 155900.1 5.3 0.26 HCOOCH3
HC3N 3ν7 173-16−3 156129.653 16.50 1028.8 ... ... ... CH3OH
HC3N 3ν7 17−3-163 156129.653 16.50 1028.8 ... ... ... previous line
HC3N 3ν7 17−1-161 156345.184 16.90 1022.4 ... ... ... SHD
HC3N 3ν7 18−1-171 165066.750 18.00 1030.1 ... ... ... CH3OH
HC3N 3ν7 18−3-173 165312.802 17.50 1036.7 165315.1 4.8 0.51
HC3N 3ν7 183-17−3 165312.802 17.50 1036.7 ... ... ... previous line
HC3N 3ν7 181-17−1 165539.956 17.90 1030.4 ... ... ... CH3CN
HC3N 3ν7 191-18−1 174234.981 19.00 1038.5 174237.6 4.5 0.67 CH3CH2C15N
HC3N 3ν7 193-18−3 174495.789 18.50 1045.1 174497.6 5.9 0.67
HC3N 3ν7 19−3-183 174495.789 18.50 1045.1 ... ... ... previous line
HC3N 3ν7 19−1-181 174734.343 19.00 1038.7 ... ... ... CCH
HC3N 3ν7 22−1-211 201737.371 22.00 1066.2 201739.8 5.4 0.35
HC3N 3ν7 22−3-213 202043.311 21.60 1072.9 ... ... ... CH3CN
HC3N 3ν7 223-21−3 202044.028 21.60 1072.9 ... ... ... previous line
HC3N 3ν7 221-21−1 202314.964 22.00 1066.6 ... ... ... CH3CN
HC3N 3ν7 231-22−1 210903.996 23.00 1076.4 210907.3 4.3 0.45
HC3N 3ν7 233-22−3 211225.445 22.60 1083.0 ... ... ... H2CO
HC3N 3ν7 23−3-223 211226.380 22.60 1083.0 ... ... ... previous line
HC3N 3ν7 23−1-221 211507.578 23.00 1076.7 211511.1 4.0 0.29
HC3N 3ν7 24−1-231 220070.185 24.00 1086.9 ... ... ... CH3OH
HC3N 3ν7 24−3-233 220407.386 23.60 1093.6 ... ... ... 13CO
HC3N 3ν7 243-23−3 220408.495 23.60 1093.6 ... ... ... previous line
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Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC3N 3ν7 241-23−1 220699.688 24.00 1087.3 ... ... ... CH3CN
HC3N 3ν7 251-24−1 229235.926 25.00 1097.9 229238.6 5.5 0.58
HC3N 3ν7 253-24−3 229589.088 24.70 1104.6 ... ... ... HCOOCH3
HC3N 3ν7 25−3-243 229590.385 24.70 1104.6 ... ... ... previous line
HC3N 3ν7 25−1-241 229891.277 25.00 1098.3 229893.6 6.0 0.50
HC3N 3ν7 26−1-251 238401.145 26.00 1109.4 238403.6 5.9 0.51
HC3N 3ν7 26−3-253 238770.534 25.70 1116.1 ... ... ... CH3CN
HC3N 3ν7 263-25−3 238772.132 25.70 1116.1 ... ... ... previous line
HC3N 3ν7 261-25−1 239082.299 26.00 1109.8 ... ... ... CH3CN
HC3N 3ν7 271-26−1 247565.867 27.00 1121.2 ... ... ... (CH3)2CO
HC3N 3ν7 273-26−3 247951.690 26.70 1128.0 247956.5 3.1 2.23 HCOOCH3
HC3N 3ν7 27−3-263 247953.687 26.70 1128.0 ... ... ... previous line
HC3N 3ν7 27−1-261 248272.768 27.00 1121.7 ... ... ... HCOOH
HC3N 3ν7 28−1-271 256730.080 28.00 1133.6 256732.6 6.1 1.49
HC3N 3ν7 281-27−1 257462.633 28.00 1134.1 ... ... ... CH3CN
HC3N 3ν7 291-28−1 265893.756 29.00 1146.3 ... ... ... HCN
HC3N 3ν7 293-28−3 266313.216 28.70 1153.1 266312.6 9.7 0.29
HC3N 3ν7 29−3-283 266316.069 28.70 1153.1 ... ... ... previous line
HC3N 3ν7 29−1-281 266651.876 29.00 1146.9 266655.8 4.6 0.91
HC3N 3ν7 30−1-291 275056.879 30.00 1159.5 275058.9 6.8 0.73 SO17O
HC3N 3ν7 30−3-293 275493.539 29.70 1166.3 ... ... ... CH2CHCN
HC3N 3ν7 303-29−3 275496.917 29.70 1166.3 ... ... ... previous line
HC3N 3ν7 301-29−1 275840.475 30.00 1160.1 ... ... ... CH3CN
HC3N ν6 9−1-8−1 82015.820 8.89 737.4 82017.5 3.1 0.06
HC3N ν6 91-81 82080.294 8.89 737.4 ... ... ... HC3N ν7=1
HC3N ν6 10−1-9−1 91128.269 9.90 741.8 91129.5 5.0 0.13
HC3N ν6 101-91 91199.904 9.90 741.8 ... ... ... HC3N ν7=1
HC3N ν6 11−1-10−1 100240.584 10.90 746.6 100241.5 6.3 0.17
HC3N ν6 111-101 100319.382 10.90 746.6 ... ... ... HC3N ν7=1
HC3N ν6 12−1-11−1 109352.754 11.90 751.8 109353.5 7.0 0.27
HC3N ν6 121-111 109438.712 11.90 751.8 ... ... ... HC3N ν7=1
HC3N ν6 15−1-14−1 136688.253 14.90 770.2 136690.1 4.9 0.56
HC3N ν6 151-141 136795.691 14.90 770.2 ... ... ... HC3N ν7=1
HC3N ν6 16−1-15−1 145799.705 15.90 777.2 145801.4 5.5 0.64
HC3N ν6 161-151 145914.302 15.90 777.2 ... ... ... HC3N ν7=1
HC3N ν6 17−1-16−1 154910.945 16.90 784.6 154912.6 5.8 0.81
HC3N ν6 171-161 155032.699 16.90 784.7 ... ... ... HC3N ν7=1
HC3N ν6 18−1-17−1 164021.960 17.90 792.5 164023.7 5.8 0.62
HC3N ν6 181-171 164150.870 17.90 792.5 ... ... ... HC3N ν7=1
HC3N ν6 19−1-18−1 173132.735 18.90 800.0 173134.7 5.7 1.57 CH3CH2CN ν13/ν21
HC3N ν6 191-181 173268.802 18.90 800.9 ... ... ... HC3N ν7=1
HC3N ν6 22−1-21−1 200463.493 22.00 828.3 200466.1 5.1 1.03
HC3N ν6 221-211 200621.022 22.00 828.4 ... ... ... HC3N ν7=1
HC3N ν6 23−1-22−1 209573.180 23.00 838.4 209575.0 6.4 1.60
HC3N ν6 231-221 209737.860 23.00 835.5 ... ... ... CH2CHCN
HC3N ν6 24−1-23−1 218682.561 24.00 848.9 218684.9 5.8 1.59
HC3N ν6 241-231 218854.392 24.00 849.0 ... ... ... HC3N ν7=1
HC3N ν6 25−1-24−1 227791.623 25.00 859.8 ... ... ... CH3CH2CN
HC3N ν6 251-241 227970.604 25.00 859.9 ... ... ... HC3N ν7=1
HC3N ν6 26−1-25−1 236900.354 26.00 871.2 236903.6 4.9 1.54
HC3N ν6 261-251 237086.483 26.00 871.3 ... ... ... SO2
HC3N ν6 27−1-26−1 246008.739 27.00 883.0 246011.1 6.1 1.76
HC3N ν6 271-261 246202.015 27.00 883.1 ... ... ... HC3N ν7=1
HC3N ν6 28−1-27−1 255116.766 28.00 895.3 255121.3 3.7 2.15 13CH3OH
HC3N ν6 281-271 255317.188 28.00 895.4 ... ... ... CH3CHO
HC3N ν6 29−1-28−1 264224.421 29.00 907.9 264227.6 5.4 1.98 CH3OCH3
HC3N ν6 291-281 264431.987 29.00 908.1 ... ... ... HC3N ν7=1
HC3N ν6 30−1-29−1 273331.691 30.00 921.0 273336.4 3.8 2.47
HC3N ν6 301-291 273546.400 30.00 921.2 273548.9 6.3 1.81 HC3N ν7=1
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Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC3N ν6 53−1-52−1 482662.165 53.00 1343.4 ... ... ... CH3OH νt=1
HC3N ν6 531-521 483040.649 53.00 1343.9 483045.5 6.0 0.12
HC3N ν6 54−1-53−1 491756.221 54.00 1367.0 491763.7 4.4 0.10
HC3N ν6 541-531 492141.798 54.00 1367.5 ... ... ... HCOOCH3
HC3N ν6 55−1-54−1 500849.560 55.00 1391.0 ... ... ... CH3OH, NH2D
HC3N ν6 551-541 501242.229 55.00 1391.5 ... ... ... CH3CH2CN
HC3N ν6 56−1-55−1 509942.170 56.00 1415.5 509118.1 5.7 0.32 13CH3OH ν=1
HC3N ν6 561-551 510341.927 56.00 1416.0 ... ... ... CH3OH
HC3N ν6 57−1-56−1 519034.038 57.00 1440.4 ... ... ... 13CH3OH
HC3N ν6 571-561 519440.880 57.00 1441.0 ... ... ... 13CH3OH
HC3N ν6 58−1-57−1 528125.149 58.00 1465.7 ... ... ... HCOOCH3
HC3N ν6 581-571 528539.074 58.00 1466.3 528132.3 6.6 0.23 CH3CH2CN
HC3N ν6 59−1-58−1 537215.492 59.00 1491.5 537219.6 6.7 0.15 HCOOCH3
HC3N ν6 591-581 537636.497 59.00 1492.1 ... ... ... CH3OH νt=1
HC3N ν6 60−1-59−1 546305.053 60.00 1517.7 ... ... ... CH3CH2CN
HC3N ν6 601-591 546733.134 60.00 1518.4 ... ... ... HCOOCH3
HC3N ν6 61−1-60−1 555393.818 61.00 1544.4 555399.1 6.1 0.10
HC3N ν6 611-601 555828.973 61.00 1545.0 ... ... ... CH3OH
HC3N ν6 62−1-61−1 564481.775 62.00 1571.5 ... ... ... 13CH3OH νt=1
HC3N ν6 621-611 564924.001 62.00 1572.2 564929.4 6.1 0.10
HC3N ν6 63−1-62−1 573568.910 63.00 1599.0 573535.2 6.5 0.24 CH3CH2CN
HC3N ν6 631-621 574018.204 63.00 1599.7 574024.2 5.9 0.11
HC3N ν6 64−1-63−1 582655.211 64.00 1627.0 582661.4 5.8 0.13 H2CO
HC3N ν6 641-631 583111.568 64.00 1627.7 ... ... ... H2CO
HC3N ν6 65−1-64−1 591740.663 65.00 1655.4 591746.7 5.9 0.13
HC3N ν6 651-641 592204.082 65.00 1656.1 592210.7 5.6 0.08
HC3N ν6 66−1-65−1 600825.253 66.00 1684.2 ... ... ... HCOOCH3
HC3N ν6 661-651 601295.731 66.00 1685.0 ... ... ... SO
HC3N ν6 67−1-66−1 609908.969 67.00 1713.5 ... ... ... SO
HC3N ν6 671-661 610386.502 67.00 1714.3 610391.8 6.4 0.08
HC3N ν6 68−1-67−1 618991.798 68.00 1743.2 ... ... ... CH3CH2CN
HC3N ν6 681-671 619476.382 68.00 1744.0 ... ... ... 33SO2
HC3N ν6 69−1-68−1 628073.725 69.00 1773.3 ... ... ... CH3OH
HC3N ν6 691-681 628565.357 69.00 1774.2 ... ... ... (CH3)2CO
HC3N ν6 70−1-69−1 637154.739 70.00 1803.9 ... ... ... CH3OH
HC3N ν6 701-691 637653.416 70.00 1804.8 637662.1 4.9 0.08
HC3N ν6 71−1-70−1 646234.825 71.00 1834.9 ... ... ... CH3CH2CN, HCOOCH3
HC3N ν6 711-701 646740.543 71.00 1835.8 ... ... ... HCOOCH3
HC3N ν6 72−1-71−1 655313.971 72.00 1866.4 ... ... ... HCOOCH3
HC3N ν6 721-711 655826.727 72.00 1867.3 655833.6 5.8 0.11
HC3N ν5 91-8−1 81888.895 8.97 973.7 ... ... HC3N
HC3N ν5 9−1-81 81934.965 8.97 973.7 81935.5 7.0 0.06
HC3N ν5 10−1-91 90987.096 9.99 978.1 ... ... ... HC3N
HC3N ν5 101-9−1 91038.217 9.99 978.1 ... ... <0.02
HC3N ν5 111-10−1 100085.137 11.00 982.9 ... ... ... HCOOCH3, HC3N
HC3N ν5 11−1-101 100141.301 11.00 982.9 101140.5 11.4 0.11
HC3N ν5 12−1-111 109183.021 12.00 988.1 ... ... ... HC3N
HC3N ν5 121-11−1 109244.222 12.00 988.1 ... ... ... SO
HC3N ν5 151-14−1 136475.496 15.10 1006.4 ... ... ... HC3N
HC3N ν5 15−1-141 136551.798 15.10 1006.5 136552.6 7.2 0.21 CH3CH2CN
HC3N ν5 16−1-151 145572.590 16.10 1013.4 ... ... ... HC3N
HC3N ν5 161-15−1 145653.925 16.10 1013.5 145653.9 9.1 0.28
HC3N ν5 171-16−1 154669.457 17.10 1020.9 ... ... ... HC3N
HC3N ν5 17−1-161 154755.833 17.10 1020.9 154758.9 3.1 0.30
HC3N ν5 18−1-171 163766.097 18.10 1028.7 ... ... ... HC3N
HC3N ν5 181-17−1 163857.509 18.10 1028.8 163858.9 6.5 0.23
HC3N ν5 191-18−1 172862.495 19.10 1037.0 ... ... ... HC3N
HC3N ν5 19−1-181 172958.955 19.10 1037.1 172961.4 4.8 0.49
HC3N ν5 22−1-211 200150.136 22.20 1064.5 ... ... ... HC3N
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Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC3N ν5 221-21−1 200261.736 22.20 1064.6 200264.9 4.3 0.64 SO2
HC3N ν5 231-22−1 209245.449 23.30 1074.6 ... ... ... HC3N
HC3N ν5 23−1-221 209362.113 23.20 1074.6 ... ... ... CH3CH2CN ν13/ν21
HC3N ν5 24−1-231 218340.476 24.20 1085.0 ... ... ... HC3N
HC3N ν5 241-23−1 218462.184 24.20 1085.1 ... ... ... CH2CHCN
HC3N ν5 251-24−1 227435.169 25.20 1096.0 ... ... ... HC3N
HC3N ν5 25−1-241 227561.959 25.20 1096.0 ... ... ... HCOOCH3
HC3N ν5 26−1-251 236529.548 26.20 1107.3 ... ... ... HC3N
HC3N ν5 261-25−1 236661.413 26.20 1107.4 236664.9 4.6 0.66
HC3N ν5 271-26−1 245623.612 27.20 1119.1 ... ... ... HC3N
HC3N ν5 27−1-261 245760.494 27.20 1119.2 245763.6 5.2 0.83
HC3N ν5 28−1-271 254717.307 28.20 1131.3 ... ... ... CH3CH2CN
HC3N ν5 281-27−1 254859.249 28.20 1131.4 254861.4 6.5 1.13
HC3N ν5 291-28−1 263810.639 29.20 1144.0 ... ... ... CH3CH2CN
HC3N ν5 29−1-281 263957.642 29.20 1144.1 263960.1 6.2 0.61
HC3N ν5 30−1-291 272903.595 30.20 1157.1 ... ... ... HC3N
HC3N ν5 301-29−1 273055.658 30.20 1157.2 273056.4 8.2 0.27
HC3N ν5 531-52−1 481907.525 53.50 1578.7 ... ... ... CH3OH ν=1
HC3N ν5 53−1-521 482175.759 53.50 1579.1 ... ... ... CH3OH ν=1
HC3N ν5 54−1-531 490987.508 54.50 1602.3 490993.2 5.5 0.11
HC3N ν5 541-53−1 491260.776 54.50 1602.7 491266.7 5.4 0.10
HC3N ν5 551-54−1 500066.786 55.50 1626.3 ... ... ... HC3N
HC3N ν5 55−1-541 500345.086 55.50 1626.7 ... ... ... SO2 ν2=1, H2C18O
HC3N ν5 56−1-551 509145.347 56.50 1650.7 ... ... ... H2CO
HC3N ν5 561-55−1 509428.676 56.50 1651.1 ... ... ... CH3CH2CN, DNCO
HC3N ν5 571-56−1 518223.176 57.50 1675.6 518229.5 5.3 0.08 CH3OH
HC3N ν5 57−1-561 518511.534 57.50 1676.0 518518.5 5.0 0.08 13CH3OH
HC3N ν5 58−1-571 527300.262 58.50 1700.9 ... ... ... HNCO
HC3N ν5 581-57−1 527593.645 58.50 1701.3 527599.3 5.8 0.08 13CH3OH
HC3N ν5 591-58−1 536376.590 59.50 1726.7 ... ... ... SO2
HC3N ν5 59−1-581 536674.998 59.50 1727.1 536680.1 6.1 0.07 CH3OH νt=1
HC3N ν5 60−1-591 545452.148 60.50 1752.8 ... ... ... CH3CHO νt=1
HC3N ν5 601-59−1 545755.578 60.50 1753.3 ... ... ... CH3OH ν=1
HC3N ν5 611-60−1 554526.923 61.50 1779.4 ... ... ... 33SO2, CH3CN ν8=1
HC3N ν5 61−1-601 554835.374 61.50 1779.9 ... ... ... U
HC3N ν5 62−1-611 563600.901 62.60 1806.5 563609.9 5.9 0.18 34SO2
HC3N ν5 621-61−1 563914.370 62.60 1807.0 563921.4 5.3 0.09
HC3N ν5 631-62−1 572674.070 63.60 1834.0 ... ... ... CH3OH
HC3N ν5 63−1-621 572992.556 63.60 1834.5 572999.7 5.3 0.09
HC3N ν5 64−1-631 581746.438 64.60 1861.9 ... ... ... H2CO
HC3N ν5 641-63−1 582069.919 64.60 1862.4 ... ... ... H2CO, HCOOCH3 νt=1
HC3N ν5 651-64−1 590817.940 65.60 1890.3 ... ... ... CH3OH
HC3N ν5 65−1-641 591146.445 65.60 1890.8 591150.5 5.8 0.14
HC3N ν5 66−1-651 599888.574 66.60 1919.1 ... ... ... HDO
HC3N ν5 661-65−1 600222.108 66.60 1919.6 600227.5 6.3 0.08 CH3CH2CN
HC3N ν5 671-66−1 608958.392 67.60 1948.3 ... ... ... 13CH3OH
HC3N ν5 67−1-661 609296.923 67.60 1948.8 ... ... ... CH3OCH3
HC3N ν5 68−1-671 618027.325 68.60 1977.9 ... ... ... 13CH3OH
HC3N ν5 681-67−1 618370.843 68.60 1978.5 ... ... ... CH2CHCN
HC3N ν6+ν7 9(0,1)-8(0,1) 82305.954 9.00 1057.3 82306.5 7.0 0.04
HC3N ν6+ν7 9(0,−1)-8(0,−1) 82307.622 9.00 1057.3 82308.5 5.8 0.05
HC3N ν6+ν7 9(2,−1)-8(2,−1) 82312.442 8.56 1057.3 82312.5 8.8 0.03
HC3N ν6+ν7 9(2,1)-8(2,1) 82313.668 8.56 1057.3 ... ... ... previous line
HC3N ν6+ν7 10(0,1)-9(0,1) 91449.906 10.00 1061.7 91451.5 3.8 0.03
HC3N ν6+ν7 10(0,−1)-9(0,−1) 91452.069 10.00 1061.7 91452.5 7.6 0.04
HC3N ν6+ν7 10(2,−1)-9(2,−1) 91458.233 9.60 1061.7 91458.5 8.1 0.02
HC3N ν6+ν7 10(2,1)-9(2,1) 91459.899 9.60 1061.7 91461.5 3.8 0.02
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Table A.1. continued.
Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC3N ν6+ν7 11(0,1)-10(0,1) 100593.496 11.00 1066.5 100594.5 6.0 0.03
HC3N ν6+ν7 11(0,−1)-10(0,−1) 100596.254 11.00 1066.5 100597.5 5.3 0.04 HCOOCH3
HC3N ν6+ν7 11(2,−1)-10(2,−1) 100604.009 10.60 1066.5 100605.5 4.6 0.05 HCOOCH3
HC3N ν6+ν7 11(2,1)-10(2,1) 100606.215 10.60 1066.5 100607.5 5.2 0.05 CH3CH2CN
HC3N ν6+ν7 12(0,1)-11(0,1) 109736.688 12.00 1071.8 109737.5 6.8 0.03
HC3N ν6+ν7 12(0,−1)-11(0,−1) 109740.152 12.00 1071.8 109741.5 5.3 0.04
HC3N ν6+ν7 12(2,−1)-11(2,−1) 109749.767 11.70 1071.8 ... ... ... SO2, NH2CHO
HC3N ν6+ν7 12(2,1)-11(2,1) 109752.622 11.70 1071.8 ... ... ... SO2, NH2CHO
HC3N ν6+ν7 15(0,1)-14(0,1) 137163.528 15.00 1090.2 137165.1 5.6 0.15
HC3N ν6+ν7 15(0,−1)-14(0,−1) 137169.896 15.00 1090.2 ... ... ... HCOOCH3 νt=2
HC3N ν6+ν7 15(2,−1)-14(2,−1) 137186.880 14.70 1090.2 137190.1 2.0 0.12 HCOOCH3 νt=1
HC3N ν6+ν7 15(2,1)-14(2,1) 137192.469 14.70 1090.2 137193.9 5.9 0.14
HC3N ν6+ν7 16(0,1)-15(0,1) 146304.783 16.00 1097.2 146308.9 0.6 0.11
HC3N ν6+ν7 16(0,−1)-15(0,−1) 146312.423 16.00 1097.2 146313.9 6.0 0.12
HC3N ν6+ν7 16(2,−1)-15(2,−1) 146332.511 15.80 1097.2 ... ... ... HCOOCH3
HC3N ν6+ν7 16(2,1)-15(2,1) 146339.315 15.80 1097.2 ... ... ... HCOOCH3
HC3N ν6+ν7 17(0,1)-16(0,1) 155445.471 17.00 1104.7 155447.6 4.9 0.25
HC3N ν6+ν7 17(0,−1)-16(0,−1) 155454.557 17.00 1104.7 155455.1 8.0 0.21
HC3N ν6+ν7 17(2,−1)-16(2,−1) 155478.092 16.80 1104.7 155480.1 5.1 0.28
HC3N ν6+ν7 17(2,1)-16(2,1) 155486.289 16.80 1104.7 ... ... ... 34SO
HC3N ν6+ν7 18(0,1)-17(0,1) 164585.560 18.00 1112.6 ... ... ... CH3CH2CN
HC3N ν6+ν7 18(0,−1)-17(0,−1) 164596.280 18.00 1112.6 ... ... ... CH3CH2CN
HC3N ν6+ν7 18(2,−1)-17(2,−1) 164623.612 17.80 1112.6 ... ... ... 33SO2
HC3N ν6+ν7 18(2,1)-17(2,1) 164633.385 17.80 1112.6 ... ... ... 33SO2
HC3N ν6+ν7 19(0,1)-18(0,1) 173725.019 19.00 1120.9 ... ... ... CH2CHCN ν11=1
HC3N ν6+ν7 19(0,−1)-18(0,−1) 173737.575 19.00 1120.9 ... ... ... CH3CH2CN
HC3N ν6+ν7 19(2,−1)-18(2,−1) 173769.061 18.80 1121.0 173770.5 6.4 0.30
HC3N ν6+ν7 19(2,1)-18(2,1) 173780.617 18.80 1121.0 173783.6 3.8 0.39
HC3N ν6+ν7 22(0,1)-21(0,1) 201139.329 22.00 1148.6 201142.4 4.4 0.19
HC3N ν6+ν7 22(0,−1)-21(0,−1) 201158.755 22.00 1148.6 ... ... ... CH3CH213CN
HC3N ν6+ν7 22(2,−1)-21(2,−1) 201204.843 21.80 1148.6 201206.1 7.1 0.63 HCOOCH3
HC3N ν6+ν7 22(2,1)-21(2,1) 201223.114 21.80 1148.6 201224.9 6.3 0.35
HC3N ν6+ν7 23(0,1)-22(0,1) 210275.989 23.00 1158.7 210277.4 7.0 0.18
HC3N ν6+ν7 23(0,−1)-22(0,−1) 210298.209 23.00 1158.7 210299.4 7.3 0.23 HCOOCH3
HC3N ν6+ν7 23(2,−1)-22(2,−1) 210349.861 22.80 1158.7 210349.9 8.9 0.17 HCOOCH3
HC3N ν6+ν7 23(2,1)-22(2,1) 210370.867 22.80 1158.7 210371.2 8.6 0.42 HCOOCH3 νt=1
HC3N ν6+ν7 24(0,1)-23(0,1) 219411.885 24.00 1169.2 ... ... ... HCOOCH3 νt=1
HC3N ν6+ν7 24(0,−1)-23(0,−1) 219437.178 24.00 1169.2 219441.1 3.6 0.35
HC3N ν6+ν7 24(2,−1)-23(2,−1) 219494.725 23.80 1169.2 ... ... ... CH3CH2CN
HC3N ν6+ν7 24(2,1)-23(2,1) 219518.764 23.80 1169.2 ... ... ... CH3CH2CN
HC3N ν6+ν7 25(0,1)-24(0,1) 228546.998 25.00 1180.2 228547.4 8.5 0.35 t-HCOOH
HC3N ν6+ν7 25(0,−1)-24(0,−1) 228575.657 25.00 1180.2 ... ... ... CH2CHCN ν11=1
HC3N ν6+ν7 25(2,−1)-24(2,−1) 228639.414 24.80 1180.2 228642.3 5.2 0.42 CH2CHCN ν11=1
HCOOCH3
HC3N ν6+ν7 25(2,1)-24(2,1) 228666.771 24.80 1180.2 228668.6 6.6 0.39
HC3N ν6+ν7 26(0,1)-25(0,1) 237681.307 26.00 1191.6 237684.8 4.6 0.52
HC3N ν6+ν7 26(0,−1)-25(0,−1) 237713.639 26.00 1191.6 ... ... ... CH2CHCN
HC3N ν6+ν7 26(2,−1)-25(2,−1) 237783.906 25.80 1191.6 ... ... ... (CH3)2CO
CH2CHCN ν15=1
HC3N ν6+ν7 26(2,1)-25(2,1) 237814.888 25.80 1191.6 237816.1 7.5 0.25
HC3N ν6+ν7 27(0,1)-26(0,1) 246814.796 25.80 1203.4 246817.6 5.6 0.73 CCS
HC3N ν6+ν7 27(0,−1)-26(0,−1) 246851.123 27.00 1203.4 246853.6 6.0 0.25
HC3N ν6+ν7 27(2,−1)-26(2,−1) 246928.174 26.90 1203.5 ... ... ... CH2CHCN
HC3N ν6+ν7 27(2,1)-26(2,1) 246963.103 26.90 1203.5 246964.9 6.8 0.43
HC3N ν6+ν7 28(0,1)-27(0,1) 255947.449 28.00 1215.7 ... ... ... SO2
HC3N ν6+ν7 28(0,−1)-27(0,−1) 255988.107 28.00 1215.7 255990.1 6.7 0.47
HC3N ν6+ν7 28(2,−1)-27(2,−1) 256072.194 27.90 1215.8 256072.6 8.5 0.80 HCOOCH3
HC3N ν6+ν7 28(2,1)-27(2,1) 256111.403 27.90 1215.8 256112.6 7.6 0.20
HC3N ν6+ν7 29(0,1)-28(0,1) 265079.254 29.00 1228.4 265080.1 8.0 0.42
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Table A.1. continued.
Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC3N ν6+ν7 29(0,−1)-28(0,−1) 265124.589 29.00 1228.5 265125.1 8.4 0.39
HC3N ν6+ν7 29(2,−1)-28(2,−1) 265215.937 28.90 1228.5 ... ... ... CH3OH,(CH3)2CO
HC3N ν6+ν7 29(2,1)-28(2,1) 265259.773 28.90 1228.5 265261.4 7.2 0.59
HC3N ν6+ν7 30(0,1)-29(0,1) 274210.202 30.00 1241.6 ... ... ... CH3CH2CN
HC3N ν6+ν7 30(0,−1)-29(0,−1) 274260.571 30.00 1241.6 274263.8 5.5 0.34
HC3N ν6+ν7 30(2,−1)-29(2,−1) 274359.376 29.90 1241.7 ... ... ... CH3CH2CN
HC3N ν6+ν7 30(2,1)-29(2,1) 274408.194 29.90 1241.7 274410.1 6.9 0.42
Notes. Column 1 indicates the species, Col.2 the quantum numbers of the line transition, Col. 3 gives the assumed rest frequencies, Col. 4 the line
strength, Col. 5 the energy of the upper level, Col. 6 observed frequency assuming a VLSR of 9.0 km s−1, Col. 7 the observed radial velocities, Col.
8 the peak line main beam temperature, and Col. 9 the blended species.
33
G. B. Esplugues et al.: Study of cyano(di)acetylene in Orion KL: detection of DC3N
Ta
bl
e
A
.2
.H
C
3N
pa
ra
m
et
er
s
fr
om
G
au
ss
ia
n
fit
s.
Tr
an
si
tio
n
Pl
at
ea
u
H
ig
h
ve
lo
ci
ty
pl
at
ea
u
H
ot
co
re
C
om
pa
ct
ri
dg
e
E
xt
en
de
d
ri
dg
e
20
.5
km
s−
1
co
m
po
ne
nt
J-
J′
v L
SR
∆
V
T
M
B
V
L
SR
∆
V
T
M
B
V
L
SR
∆
V
T
M
B
V
L
SR
∆
V
T
M
B
V
L
SR
∆
V
T
M
B
V
L
SR
∆
V
T
M
B
9-
8
6.
0±
0.
9
23
±1
2.
73
...
...
...
5.
0±
0.
8
8.
7±
0.
1
1.
91
...
...
...
9±
1
3.
66
±0
.0
1
2.
74
...
...
...
10
-9
6.
0±
0.
9
24
±2
2.
70
...
...
...
5.
0±
0.
8
9.
0±
0.
2
3.
69
...
...
...
9±
1
3.
64
±0
.0
3
2.
86
21
±4
7.
2±
0.
2
0.
53
11
-1
0
5.
8±
0.
8
22
±3
4.
69
...
...
...
3.
0±
0.
5
11
.2
±0
.8
3.
24
...
...
...
9±
1
3.
03
±0
.0
9
3.
51
21
±4
7.
5±
0.
3
0.
33
12
-1
1
5.
8±
0.
8
25
±2
1.
57
10
±1
30
±9
1.
82
4.
5±
0.
7
11
.3
±0
.1
5.
06
...
...
...
9±
1
2.
9±
0.
5
3.
75
21
±4
6.
8±
0.
6
0.
15
15
-1
4
5.
8±
0.
8
25
±6
3.
20
9±
1
27
±8
2.
66
4.
5±
0.
7
11
.0
±0
.5
5.
13
...
...
...
9±
1
3.
7±
0.
4
5.
06
21
±4
7.
6±
0.
3
0.
48
16
-1
5
5.
8±
0.
8
24
±4
5.
27
9±
1
27
±3
3.
23
5.
5±
0.
8
11
.8
±0
.2
5.
66
...
...
...
9±
1
2.
7±
0.
2
5.
66
21
±4
7.
3±
0.
2
0.
61
17
-1
6
6.
0±
0.
9
21
±5
5.
56
10
±2
27
±3
3.
31
4.
0±
0.
6
10
.5
±0
.1
7.
62
...
...
...
9±
1
3.
07
±0
.0
8
5.
81
21
±4
7.
4±
0.
3
0.
19
18
-1
7
6.
0±
0.
9
22
±3
5.
58
10
±2
27
±8
3.
38
4.
0±
0.
6
11
.8
±0
.2
8.
45
8±
1
3.
69
±0
.0
6
4.
08
...
...
...
21
±4
7.
0±
0.
4
0.
52
19
-1
8
6.
0±
0.
9
23
±5
5.
71
10
±2
31
±2
3.
42
3.
5±
0.
5
11
.2
±0
.3
10
.4
2
8±
1
3.
7±
0.
4
4.
24
...
...
...
21
±4
7.
5±
0.
2
0.
82
22
-2
1
6.
0±
0.
9
20
±4
5.
20
10
±2
31
±5
1.
84
3.
5±
0.
5
11
.4
±0
.4
7.
64
8±
1
3.
5±
0.
5
3.
64
...
...
...
...
...
...
23
-2
2
5.
8±
0.
8
25
±7
6.
77
...
...
...
5.
0±
0.
8
11
.1
±0
.5
11
.7
7
8±
1
2.
5±
0.
9
2.
30
...
...
...
...
...
...
24
-2
3
5.
8±
0.
8
25
±7
6.
17
...
...
...
3.
8±
0.
6
11
.9
±0
.8
13
.1
6
...
...
...
...
...
...
21
±4
6.
9±
0.
4
1.
82
25
-2
4
5.
8±
0.
8
27
±9
7.
12
...
...
...
4.
0±
0.
6
10
.7
±0
.9
16
.0
3
...
...
...
...
...
...
21
±4
7.
5±
0.
3
1.
05
27
-2
6
5.
8±
0.
8
27
±9
8.
01
...
...
...
4.
3±
0.
6
11
.0
±0
.9
16
.3
6
...
...
...
...
...
...
20
±4
7.
0±
0.
2
2.
74
30
-2
9
5.
8±
0.
8
26
±8
8.
80
...
...
...
4.
0±
0.
6
11
.5
±0
.5
13
.6
0
...
...
...
...
...
...
20
±4
7.
7±
0.
3
2.
78
N
ot
es
.T
he
fit
er
ro
rs
ar
e
pr
ov
id
ed
by
C
L
A
SS
.V
L
SR
is
th
e
L
SR
ce
nt
ra
lv
el
oc
ity
,∆
V
is
th
e
lin
e-
w
id
th
,a
nd
T
M
B
is
th
e
m
ai
n
be
am
te
m
pe
ra
tu
re
.T
he
un
its
of
V
L
SR
,∆
V
,a
nd
T
M
B
ar
e
(k
m
s−
1 )
,(
km
s−
1 )
,
an
d
(K
),
re
sp
ec
tiv
el
y,
in
al
lt
he
ca
se
s.
34
G. B. Esplugues et al.: Study of cyano(di)acetylene in Orion KL: detection of DC3N
Table A.3. Lines of DC3N with emission frequencies whithin the 30m-IRAM survey.
Species Transition Predicted S ij Eu Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
DC3N 10-9 84429.809 10.0 22.3 84430.5 6.6 0.04 (CH3)2CO
DC3N 11-10 92872.373 11.0 26.7 92872.5 8.6 0.03
DC3N 12-11 101314.817 12.0 31.6 101314.5 9.9 0.04
DC3N 13-12 109757.131 13.0 36.9 ... ... ... SO2, HCOOCH3 νt=1
DC3N 16-15 135083.185 16.0 55.1 135083.9 7.4 0.11
DC3N 17-16 143524.870 17.0 62.0 ... ... .... CH3CH2CN
DC3N 18-17 151966.371 18.0 69.3 151966.5 8.7 0.13
DC3N 19-18 160407.677 19.0 77.0 ... ... ... (CH3)2CO
DC3N 20-19 168848.777 20.0 85.1 ... ... ... H2C34S, CH3CH2CN ν13/ν21
DC3N 21-20 177289.660 21.0 93.6 ... ... ... HCN
DC3N 24-23 202610.900 24.0 121.6 202612.5 6.6 0.16
DC3N 25-24 211050.808 25.0 131.7 211052.5 6.6 0.18
DC3N 26-25 219490.444 26.0 142.2 ... ... ... CH3OCH3
DC3N 27-26 227929.799 27.0 153.2 ... ... ... CH2CHCN
DC3N 28-27 236368.861 28.0 164.5 ... ... ... HCOOCH3
DC3N 29-28 244807.619 29.0 176.3 244809.2 7.1 0.15 H13COOCH3 νt=1
DC3N 30-29 253246.063 30.0 188.4 ... ... ... CH3OH
DC3N 31-30 261684.183 31.0 201.0 ... ... ... H13COOCH3 νt=1
DC3N 32-31 270121.966 32.0 213.9 270123.8 7.0 0.31 HCOOCH3 νt=1
DC3N 33-32 278559.402 33.0 227.3 ... ... ... HCOOCH3, CH3CH2CN
Notes. Column 1 indicates the species, Col.2 the quantum numbers of the line transition, Col. 3 gives the assumed rest frequencies, Col. 4 the line
strength, Col. 5 the energy of the upper level, Col. 6 observed frequency assuming a VLSR of 9.0 km s−1, Col. 7 the observed radial velocities, Col.
8 the peak line main beam temperature, and Col. 9 the blended species.
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Table A.4. Observed lines of HC5N .
Species Transition Predicted Sij EU Observed Observed Observed Blended
J-J′ freq. (K) freq. vLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC5N 31-30 82539.038 31.0 63.4 82539.5 7.3 0.13
HC5N 32-31 85201.345 32.0 67.5 85201.5 8.5 0.14
HC5N 33-32 87863.629 33.0 71.7 87863.5 9.4 0.09
HC5N 34-33 90525.889 34.0 76.0 90526.5 7.0 0.12
HC5N 35-34 93188.124 35.0 80.5 93188.5 7.8 0.11
HC5N 36-35 95850.334 36.0 85.1 95850.5 8.5 0.12
HC5N 37-36 98512.519 37.0 89.8 98512.5 9.1 0.11
HC5N 38-37 101174.676 38.0 94.7 101174.5 9.5 0.12
HC5N 39-38 103836.806 39.0 99.7 103836.5 9.9 0.12
HC5N 40-39 106498.908 40.0 104.8 106499.5 7.3 0.11
HC5N 41-40 109160.980 41.0 110.0 109160.5 10.3 0.14 HC3N
HC5N 42-41 111823.024 42.0 115.4 111823.5 7.7 0.12 CH3COOCH3
HC5N 43-42 114485.036 43.0 120.9 114485.5 7.8 0.13
HC5N 49-48 130456.436 49.0 156.5 130456.4 9.1 0.15
HC5N 50-49 133118.217 50.0 162.9 133117.6 10.4 0.14
HC5N 51-50 135779.961 51.0 169.4 ... ... ... 34SO
HC5N 52-51 138441.668 52.0 176.1 138443.9 4.2 0.21
HC5N 53-52 141103.338 53.0 182.9 141106.4 2.5 0.18 13CH3OH
HC5N 54-53 143764.970 54.0 189.8 ... ... ... CH2CHCN
HC5N 55-54 146426.562 55.0 196.8 146427.6 6.9 0.12
HC5N 56-55 149088.115 56.0 203.9 149088.9 7.4 0.15
HC5N 57-56 151749.628 57.0 211.2 ... ... ... 13CH3CH2CN, CH3SH
HC5N 58-57 154411.099 58.0 218.6 ... ... ... HNCO
HC5N 59-58 157072.528 59.0 226.2 157072.6 8.9 0.19
HC5N 60-59 159733.915 60.0 233.8 ... ... ... HCOOCH3
HC5N 61-60 162395.259 61.0 241.6 162397.6 4.7 0.13
HC5N 62-61 165056.558 62.0 249.6 ... ... ... CH3OH
HC5N 63-62 167717.813 63.0 257.6 167718.9 7.1 0.22
HC5N 64-63 170379.022 64.0 265.8 ... ... ... CH3CH2CN
HC5N 65-64 173040.185 65.0 274.1 173040.1 9.1 0.19
HC5N 66-65 175701.302 66.0 282.5 ... ... ... 13CH2CHCN, CH3CH2OH
HC5N 74-73 196988.455 74.0 354.6 196988.6 8.7 0.09 13CH2CHCN
HC5N 75-74 199649.117 75.0 364.2 ... ... ... CH3CH2CN
HC5N 76-75 202309.724 76.0 373.9 ... ... ... CH3CN
HC5N 77-76 204970.277 77.0 383.7 ... ... ... HCOOCH3 νt=2
HC5N 78-77 207630.774 78.0 393.7 ... ... ... HNCO
HC5N 79-78 210291.214 79.0 403.8 210292.3 7.5 0.39
HC5N 81-80 215611.924 81.0 424.3 215613.6 6.7 0.40 t-CH3CH2OH
HCOOCH3 νt=1
HC5N 82-81 218272.192 82.0 434.8 218272.3 8.9 0.23 CH3CH3CHO
HC5N 83-82 220932.400 83.0 445.4 220936.1 4.0 0.49 HCOOCH3
HC5N 84-83 223592.549 84.0 456.1 ... ... ... CH313CH2CN
HC5N 85-84 226252.637 85.0 467.0 ... ... ... CH2CHCN
HC5N 86-85 228912.664 86.0 478.0 228911.1 11.0 0.36 HC3N ν7=2, DNC
HC5N 87-86 231572.628 87.0 489.1 231573.6 7.7 0.13
HC5N 88-87 234232.530 88.0 500.3 234234.6 6.4 0.45 CH3CH2CN
HC5N 89-88 236892.369 89.0 511.7 236896.5 3.7 0.35 CH213CHCN
HC5N 90-89 239552.143 90.0 523.2 ... ... ... g-CH3CH2OH
HC5N 91-90 242211.853 91.0 534.8 ... ... ... CH3CH2CN
HC5N 92-91 244871.496 92.0 546.6 244872.3 8.0 0.49 HCOOCH3
HC5N 93-92 247531.074 93.0 558.5 247532.4 7.4 0.27 13CH2CHCN
HC5N 94-93 250190.584 94.0 570.5 250191.3 8.1 0.21 t-HCOOD
HC5N 95-94 252850.027 95.0 582.6 ... ... ... CH3SH, HCOO13CH3
HC5N 96-95 255509.401 96.0 594.9 255511.3 6.8 0.34
HC5N 97-96 258168.706 97.0 607.3 ... ... ... CH3CN ν8=1, 13CH3OH
HC5N 98-97 260827.941 98.0 619.8 ... ... ... CH3CH2CN
HC5N 100-99 266146.199 100.0 645.2 ... ... ... CH3CH2CN ν13/ν21
HC5N 101-100 268805.220 101.0 658.1 ... ... ... CH3CH2CN
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Table A.4. continued.
Species Transition Predicted Sij EU Observed Observed Observed Blended
J-J′ freq. (K) freq. VLSR TMB with
J-J′ freq. (K) freq. VLSR TMB with
(MHz) (MHz) (km s−1) (K)
HC5N 102-101 271464.168 102.0 671.1 ... ... ... 13CH3CH2CN, (CH3)2CO
HC5N 103-102 274123.043 103.0 684.3 274123.9 8.1 0.08 HCOO13CH3
HC5N 104-103 276781.843 104.0 697.6 276786.5 3.9 0.37 13CH3OH
HC5N 105-104 279440.569 105.0 711.0 ... ... ... 33SO2, 34SO2
Notes. Column 1 indicates the species, Col.2 the quantum numbers of the line transition, Col. 3 gives the assumed rest frequencies, Col. 4 the line
strength, Col. 5 the energy of the upper level, Col. 6 observed frequency assuming a VLSR of 9.0 km s−1, Col. 7 the observed radial velocities, Col.
8 the peak line main beam temperature, and Col. 9 the blended species.
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Fig. A.1. Observed spectra (black histogram) in the HIFI survey. Best fit LTE model results for HC3N ν7 are shown in red.
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Fig. A.2. Observed lines of HC3N 2ν7 (black histogram) in the IRAM survey. Best fit LTE model results are shown in red.
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Fig. A.3. Observed spectra (black histogram) in the HIFI survey. Best fit LTE model results for HC3N 2ν7 are shown in red.
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Fig. A.4. Observed lines of HC3N 3ν7 (black histogram) in the IRAM survey. Best fit LTE model results are shown in red.
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Fig. A.5. Detected lines of HC3N ν5 (black histogram) in the IRAM survey. Best fit LTE model results are shown in red.
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Fig. A.6. Observed lines of HC3N ν6 (black histogram) in the IRAM survey. Best fit LTE model results are shown in red.
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Fig. A.7. Observed spectra (black histogram) in the HIFI survey. Best fit LTE model results for HC3N ν5 are shown in red.
Fig. A.8. Observed spectra (black histogram) in the HIFI survey. Best fit LTE model results for HC3N ν6 are shown in red.
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Fig. A.9. Observed lines of HC3N ν6+ν7 (black histogram) in the IRAM survey. Best fit LTE model results are shown in red.
Fig. A.10. Observed lines of H13CCCN (black histogram) in the IRAM survey. Best fit LVG model results are shown in red.
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Fig. A.11. Observed lines of HC13CCN (black histogram) in the IRAM survey. Best fit LVG model results are shown in red.
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Fig. A.12. Observed lines of HCC13CN (black histogram) in the IRAM survey. Best fit LVG model results are shown in red.
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Fig. A.13. Observed spectra (black histogram) in the HIFI survey. Best fit LVG model results for H13CCCN are shown in red.
Fig. A.14. Observed spectra (black histogram) in the HIFI survey. Best fit LVG model results for HC13CCN are shown in red.
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Fig. A.15. Observed spectra (black histogram) in the HIFI survey. Best fit LVG model results for HCC13CN are shown in red.
Fig. A.16. Observed lines of H13CCCN ν7 (black histogram) in the IRAM survey. Best fit LTE model results are shown in red.
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Fig. A.17. Observed lines of HC13CCN ν7 (black histogram) in the IRAM survey. Best fit LTE model results are shown in red.
Fig. A.18. Observed lines of HCC13CN ν7 (black histogram) in the IRAM survey. Best fit LTE model results are shown in red.
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